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ABSTRACT

Flexible thermal protection systems are of interest due to their necessity for the
success of future atmospheric entry vehicles. Current non-ablative flexible designs
incorporate a two-dimensional woven fabric on the leading surface of the vehicle. The
focus of this research investigation was to characterize the aerothermal performance of
silicon carbide fabric using the 30 kW Inductively Coupled Plasma Torch located at the
University of Vermont. Experimental results have shown that SiC fabric test coupons
achieving surface temperatures between 1000°C and 1500°C formed an amorphous
silicon dioxide layer within seconds after insertion into air plasmas. The transient
morphological changes that occurred during oxidation caused a time dependence in the
gas / surface interactions which may detrimentally affect the in-flight performance. Room
temperature tensile tests of the SiC coupons have shown a rapid strength loss for
durations less than 240 seconds due to oxidation. Catastrophic failure and temperature
spikes were observed on almost all SiC coupons when exposed to air plasmas at heat
fluxes above 80 W/cm2. Interestingly, simulation of entry into the Mars atmosphere using
a carbon dioxide plasma caused a material response that was vastly different than the
predictable silica layer observed during air plasma exposure.
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CHAPTER 1: INTRODUCTION
1.1. Flexible TPS
Many qualified entry decent and landing (EDL) systems have been pushed to
their limits. Future missions with heavier payloads and higher entry velocities will induce
greater heat loads that may exceed the qualifications of these systems. Inflatable
aerodynamic decelerator (IAD) technology is a promising EDL advancement with
potential game changing benefits. By overcoming the mechanical constraints of the
launch vehicle shroud, IADs can achieve lower ballistic coefficients by dramatically
increasing the entry vehicle drag area. A decreased ballistic coefficient will effectively
reduce the peak heating rate and allow greater deceleration higher in the atmosphere.
This increased deceleration will provide additional time between the atmospheric
interface and landing, thus enabling previously unobtainable planet surface access and
increasing the probability of success [1].

IADs are exposed to extremely harsh conditions during atmospheric entry due to
a rapid temperature rise and subsequent dissociation and possible ionization of gases
across the bow shock, whereas the degree of dissociation changes with the flight
trajectory. Success of this technology requires maturation of a new type of thermal
protection system (TPS) that must be flexible in order to deploy from a tightly packed
configuration. Continuous advancements are implemented as new materials and designs
are tested. The current IAD design and flexible TPS lay-up are visually displayed in
Figure 1. The thermal energy balance on the surface of the TPS is also illustrated.
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Figure 1: Thermal energy flux diagram for the IAD surface [modified NASA image]. The layered
TPS design is also illustrated.

Flexible non-ablative designs use a 2-D woven outer fabric that is mechanically
attached to an underlying insulator and a Kapton-Kevlar gas barrier through a stitching
pattern. The insulator impedes the propagation of the integrated thermal load while a
laminated gas barrier serves as both an impermeable membrane and a structural
component [2]. The flexible outer fabric is exposed directly to the harsh aerodynamic
environment. Therefore it must withstand the intense radiative, convective and chemical
heating while minimizing hot gas impingement on the consecutive plies. An additional
ply of the outer fabric material is used to assure structural integrity [1].

A properly selected outer fabric can significantly reduce the peak heat rate and
the total heat load experienced by the entry vehicle. Therefore thermal analysis of the
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interactions between the gas phase and TPS surface is critical in the design of any EDL
sequence. Understanding the maximum survivable conditions is also important to assess
the viability of candidate outer fabric materials. Whereas the failure mechanisms of the
outer fabric may include; a weakening tensile strength, or rapid material removal due to
excessively high heating.

Qualification of outer fabrics presents a substantial challenge. Before any in-fight
testing is performed, candidate flexible materials must first be screened using ground
based testing methods. Gas chemistry, shear, heat load, peak heat flux, surface pressure,
and duration of exposure must all be addressed in order to accurately predict the in-flight
performance of woven outer fabrics. It is desirable to test the outer fabric under the exact
flight profile with constantly varying conditions as experienced in flight. This has a direct
influence on the gas surface interactions due to the changing surface temperature and
pressure throughout atmospheric entry. However, no known ground test facility can
match all conditions of the flight profile, therefore cooperation between facilities is
essential. Numerical analysis can enable simulation of the entire flight trajectory, but the
results still rely on experimental ground testing for validation [3].

Currently, 2-D woven silicon carbide (SiC) fibers appear to be the most promising
potential outer fabric material for trajectories inducing peak heat fluxes below 100
W/cm2 [2]. In order to aid in the qualification process, this research effort investigates
the aerothermal performance of the woven SiC fibers by;
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 Exposing candidate flexible outer fabric coupons to high enthalpy flows typical
of atmospheric entry using a 30 kW Inductively Coupled Plasma (ICP) Torch
Facility
 Outlining the theories and findings of high temperature tests performed on SiC
by other researchers
 Characterizing the thermal energy balance and the dynamic feed-back loop
occurring on the SiC surface
 Performing tensile strength tests on the post-test SiC coupons
 Documenting the microstructural evolution and operating conditions leading to
catastrophic failure of the 2-D woven SiC fibers
 Assessing the influence of the Martian atmospheric gas chemistry on the SiC
coupon performance
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CHAPTER 2: SILICON CARBIDE FIBERS
2.1. Hi-Nicalon
Along with a performance evaluation, the outer fabric selection criteria includes
material consistency, supplier viability, and cost of development for full scale
manufacturing [4]. Original SiC fibers were prepared through a chemical vapor
deposition process but their high manufacturing cost discouraged high volume
applications and the large 100-150 µm diameters were too stiff to weave [5]. Fortunately
innovative technologies overcame these drawbacks allowing cheaper, smaller diameter
flexible fibers. Silicon carbide-type fibers are now produced commercially by a variety
of manufactures and are commonly incorporated into ceramic matrix composites for a
number of high temperature applications.

Hi-NicalonTM SiC fiber has been chosen for this investigation. COI Ceramics is
the exclusive North American distributer for the Hi-Nicalon SiC fibers which is trade
marked by the Nippon Carbon Company based out of Japan [6]. Hi-Nicalon is a
multifilament fiber derived from polycarbosilane which is synthesized from a
dimethyldichlorosilane base material to provide the silicon carbon silicon backbone. The
pre-ceramic polymer is put in a solution of organic solvents, melt spun, cured and
pyrolized to achieve the resulting fiber [7]. The following table presents the fiber
technical data provided by the distributer.
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Table 1: COI Ceramics technical data for Hi-Nicalon SiC fibers [6]

Technical Properties at Room Temperature
Material
Filaments per Tow
Filament Diameter (μm)

SiC (Hi-Nicalon)
500
14

Density (g/cc)
Fiber Denier

2.74
1800

C/Si Atomic Ratio
Composition, wt. % Si:C:O
Sizing

1.39
62:37:0.5
PVA

The fiber is comprised of β-SiC nanocrystals that are separated by intergranular
free carbon and a silicon oxycarbide phase [5]. The heterogeneous fiber has a Si:C:O
weight % ratio of 62:37:0.5 respectively with less than 0.3% hydrogen remaining from
the organosilicon precursor [5]. The low oxygen content is achieved using a near oxygen
free electron beam curing process. For most applications, Hi-Nicalon fibers provide
superior performance over the standard Nicalon fibers owing to the severe thermal
instability of the SiCxOy phase [5]. However, purely stoichiometric, Hi-Nicalon Type S
fibers are more expensive [8] and not flexible enough to meet the bend requirements.

2.2. Woven Outer Fabric
Hi-Nicalon is a textile grade material commercially available as spools of
untwisted fibers that can be woven together to form a large variety of woven fabrics,
tubes and braids. [6]. Unlike yarn that is typically made of twisted filaments of a finite
length, the fibers are in the form of a tow which is a bundle of continuous parallel
filaments. The outer filaments of each tow are coated with polyvinyl alcohol (PVA)
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sizing to limit fiber to fiber abrasion [5]. Different techniques can be used to prepare the
surface and standardize testing but no attempts were made to remove any of the surface
impurities for this study.

For use as an inflatable heat shield, the SiC outer fabric must have high drape,
high packability and be able to survive hard creases of near zero bend radii. An optimized
outer fabric weave must also have a low areal weight and low permeability while still
being flexible. A 5 harness satin 26x26 (warp x weft) weave type was determined to be
advantageous due to its limited permeability and its ability to conform to complex curves.
This weave type has 26 fibers per inch in both the warp and weft direction. Whereas,
each fiber overlaps 4 cross fibers before being woven under 1 cross fiber. The
permeability was measured between 38 and 43 standard cubic feet per square foot [2].
Whereas, permeability is highly dependent on the weave architecture, filament diameter
and filaments per tows [2]. Harness satin weaves also provide an advantage compared to
plain and twill weaves due to the limited number of crimp locations. Images of the HiNicalon fabric architecture that is used in this study are depicted in Figure 2.
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Figure 2: SEM image of the weave architecture a) top view b,c) cross cut at increasing
magnifications

It can be seen that the tows consisting of 500 filaments conform to a lenticular
shape due to the crimp of the fabric. Unlike rigid SiC or ceramic matrix composites, there
is a drastically increased exposed macroscopic surface area which allows solid-gas phase
interaction around the circumference of each fiber.
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CHAPTER 3: 30 KW INDUCTIVELY COUPLED PLASMA TORCH
3.1. Introduction
A 30 kW Inductively Coupled Plasma Torch has been developed for the Plasma
Test and Diagnostics Laboratory at the University of Vermont to assess the performance
of new, advanced aerospace materials. The relatively small-scale ICP Torch was
designed with sufficient power to provide a high enthalpy flow that can replicate the post
shock heating experienced during planetary entry for a certain range of trajectories. The
Torch is comprised of three major components for plasma testing which include; power
supply, gas injection system, and vacuum chamber. Supplementary systems are used to
actively cool the torch and control the test conditions. Various intrusive probes and nonintrusive diagnostic techniques are used to characterize the experimental conditions
allowing material performance results to be extrapolated to actual flight environments.
This chapter provides an overview of the ICP Torch and the diagnostic equipment.

3.2. ICP Torch Design
3.2.1. Vacuum Chamber
Aerothermal tests are performed within a 40 cm i.d. x 70 cm tall actively cooled
stainless steel vacuum chamber in order to control the static pressure of the testing
environment. The 3.6 cm o.d. plasma jet enters the test chamber vertically to promote
uniformity in the plasma. The vacuum chamber diameter was chosen as a compromise
between ease of optical access and fluid dynamic stability. Downstream from the test
location, the plasma flow passes through a dual stage copper finned heat exchanger
9

before exiting to an elevated vacuum pump, which exhausts into a ventilated duct aided
by a rooftop blower. The vacuum pump continuously operates using non-reactive
fomblin oil and provides the full range of desirable pressures for start-up and test
conditions. Remotely mounted compressed gas tanks and stainless steel tubing supply
the induction region with variable gas mixtures.

Chamber locations with the highest heat loads are actively cooled through a
closed loop water system operating in parallel at 4 liters per minute. A rooftop chiller
circulates glycol to the lab which provides cooling to the power supply and to a
glycol/water heat exchanger. A schematic of the ICP Torch can be seen in Figure 3.

Figure 3: Scale drawing of the major components of the ICP Torch. Rooftop chiller, computer
controls and diagnostic equipment are missing from the drawing
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3.2.2. Power Supply
A Lepel solid state induction heating generator delivers up to 30kW at
frequencies between 2.5-5Mhz. The power supply contains a primary saturable reactor
control with silicon diode rectifier stacks which converts 3 phase AC current to a very
high DC voltage. Power is controlled by varying this DC voltage level. A grid tuned
oscillator converts the high voltage DC into a time varying AC current that is fed to the
tank circuit. The parallel tank circuit and grid tuned oscillator provide the flexibility
required for matching a wide variety of plasma conditions to the generator output [9].

3.2.3. Tank Circuit
Plasma generation requires massive currents to dissociate and ionize the test gas.
However switching large currents at radio frequencies can be damaging and inefficient,
therefore a tank circuit is needed. The parallel tank circuit transfers energy between
electric and magnetic fields, where only the power transmitted into the plasma is
replenished with each oscillation. The circuit consists of a capacitor bank and a watercooled, variable air inductor. A wiring diagram containing the principal features of the
power supply and tank circuit can be seen in Figure 4.
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Figure 4: Wiring diagram of the RF power supply and tank circuit

The parallel tank circuit was experimentally tuned by following the trends
expressed in equations 1 and 2 [10].

1

𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 2𝜋√𝐿𝐶
𝐿

𝐼𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 = 𝑅𝐶

eq. 1
eq. 2

The product of the total inductance L, and capacitance C, determines the
operating frequency which must remain within the limits of the load resonant power
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supply. Inversely tuning these parameters allows efficient energy transfer which occurs
when the impedance of the tank circuit matches the operating impedance of the power
supply. Where R is the tank circuit resistance.

3.2.4. Induction Region
The core components of the plasma creation include the coil, confinement tube,
and the gas injection system. The assembly is based on a VKI design and can be seen in
Figure 5.

Figure 5: Plasma generation components
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A tightly wound 6 turn helical coil provides a concentrated oscillating magnetic
field within a 3.6 cm i.d. x 4.0 cm o.d. quartz tube. Quartz is used due to its high
temperature capabilities and good electrical insulating properties. Annular gas injection
creates a low pressure recirculation zone which sustains the plasma within the coil. This
also provides a protective sheath gas that keeps the hot plasma from touching the quartz
confinement tube. All brass components in the injection system are water cooled.

3.2.5. Control System
Operation of the small scale ICP torch can be carried out by one or two personnel
using manual controls as well as a computer based system. Power and grid tuning takes
place on the front panel of the power supply. Input power is calculated using the power
supply gage display of the plate voltage and current. Gas composition, flow rate and static
pressure are all monitored, controlled, and recorded during each test. The volumetric gas
flow rate is reliably held at the desired rate using individual mass flow controllers. Each
mass flow controller is externally driven using the computer interface and digitally
displayed. Pressure is held steady at the desired condition using a PID controlled bypass
valve at the inlet of the vacuum pump to assure consistency.

3.3. ICP Torch Operation
3.3.1. Start-up Procedure
To achieve the desired test conditions a simple but strict start-up procedure is
required. The ignition of the plasma must be started at low pressures and a low flow rate
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of argon before converting to the desired operating conditions. Argon is a monatomic gas
that can be capacitively ionized by the high and low leads of the induction coil. This
creates an electrically conductive glow discharge where power is then electrodynamically transferred into the plasma within a specific skin depth depending on the
operating conditions [11]. To prevent damage to the confinement tube, the gas flow rate
is quickly increased forcing the plasma downstream into the re-circulation zone. This
transition from the glow discharge to the proper coupling can be seen in Figure 6.

Figure 6: Argon plasma transition during start-up
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The pressure is allowed to rise causing the plasma to constrict and move away
from the walls of the confinement tube. Power can then be increased above the minimum
sustaining power as the test gas is slowly added and argon is slowly removed. This
procedure is graphically represented in Figure 7.

Figure 7: ICP Torch start-up sequence

Once 100% of the test gas is reached, the pressure, flow rate, and power can be
adjusted to achieve the desired conditions. Within the stable operating envelope, the torch
can run continuously with no further inputs. The uniform steady flow can then be used
for all experiments requiring spectroscopic measurements.
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The current configuration of the ICP Torch can provide long duration,
contaminant free plasma flows using multiple test gases. A certain range of relevant postshock conditions of Mars and Earth hypersonic entry trajectories can already be
replicated but its operating capabilities are continuously improving; including peak heat
flux, test gas composition and static pressure range. The operating gas compositions that
have already been tested are nitrogen, air, oxygen, carbon dioxide or admixtures
depending on the reaction and species of interest. Despite the fact that the ICP Torch can
run on pure gas plasmas, a high sustaining power is required which can lead to very harsh
conditions. Some test gas mixtures are diluted with argon, in turn lowering the minimum
sustaining power and thereby allowing softer plasma conditions. Argon can also be used
to decrease the partial pressure of a desired test gas if needed. This has proven useful for
oxidation analysis.

3.3.2. Operating Envelope
Characterization of the material performance as well as the plasma conditions
that the material is exposed to are essential to extrapolate the ground test results to flight
conditions. Pressure, gas flow rate, and operating frequency are all measured directly in
order to quantify the experimental conditions. A combination of experimental
measurements and computational analysis allows the remaining plasma conditions to be
determined. The tested operating conditions can be seen in in Table 2.
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Table 2: ICP Torch Operating Envelope

0 – 90 min.
10 - 150 W cm-2
1000 – 8000 °C
80 – 250 torr
2.5±.5 torr (sub sonic configuration)
N2, Air, CO2, O2, Ar (or add mixtures)
25 – 50 slpm
>130 m s-1
.2 – 1.5
2.5 Mhz
30 kW
3.6 cm

Run Duration
Heat Flux
Free Stream Temperature
Static Pressure
Dynamic Pressure
Gas Composition
Inlet Gas Flow Rate
Flow Velocity
Mach Range
Operating Frequency
Peak Power
Plasma Jet Diameter

Heat flux and velocity were calculated using equations 3 and 4, respectively. The
Mach number was determined numerically [12] and laser induced florescence was used
to determine the free stream temperature. These diagnostic techniques are described in
further detail in later sections.

3.4. Plasma Characterization
3.4.1. Intrusive Probes
Manually controlled sting arms are designed to hold interchangeable diagnostic
equipment and test samples in stagnation point configuration. This configuration is used
to provide the thermophysical and chemical environment rather than the aerodynamic
shear component of hypersonic flight.
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A machined brass sting arm can quickly insert the test samples into an already
established stable plasma stream. The brass sting arm holding a sample in stagnation
point configuration can be seen in Figure 12 of Chapter 4. Three concentric tubes provide
water cooling throughout the sting and probe head. This allows material surfaces that
require water cooling to sustain long durations in the plasma flow. This sting uses o-ring
seals and is bolted together making it easy to interchange individual mounting
configurations between test campaigns. An adjustable external support permits radial and
axial movement during operation. The axial degree of freedom of the brass probe allows
the heat flux on the material surface to be easily adjusted by raising or lowering the
sample. Samples are carefully centered, as a 20% heat flux reduction is possible if the
sample is misaligned. The brass sting arm holds the sample at a floating potential by
electrically insulating it from the rest of the test chamber.

A simple copper sting was also designed and built to allow multiple experiments
to take place throughout continuous ICP Torch operation. A central vacuum-sealed tube
easily allows external access to the head of the probe therefore most experiments
requiring back face temperatures also use this probe. Its gooseneck design allows the
probe to be tucked out of the way while not in use. The sting is constructed of copper
tubing with internal plumbing providing water cooling throughout. The semi-permanent
sweat copper joints limit its versatility but it has still proven valuable for mounting heat
flux calorimeters while the brass probe typically holds the material samples.
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3.4.2. Pressure Measurements
The static pressure was measured through a pressure tap located in a lower port
on the test chamber. An ambient temperature capacitance manometer and digital meter
provide a continuous display of the static pressure for a full scale pressure range of 1000
torr.

The dynamic pressure is measured in the plasma flow with a pitot tube mounted
in a stagnation point configuration. 6mm diameter internal routing within the sting arm
connects the pitot probe to the pressure transducer. For subsonic conditions, a differential
pressure transducer rated for ±10 torr is used. Total pressure is then determined using the
dynamic and chamber static pressures. For Mach numbers less than 0.3, velocity
measurements were calculated using the following equation.

𝑣=

√2(𝑃𝑡𝑜𝑡𝑎𝑙 −𝑃𝑠𝑡𝑎𝑡𝑖𝑐 )
𝜌𝑔𝑎𝑠

eq. 3

where v is the velocity, P is the pressure and ρgas is the density of the gas. Even though
the ICP can provide supersonic flows [12], all test cases in this study were performed in
the subsonic flow regime which can still provide the boundary layer conditions typical
of a supersonic flow [185]. Although, the dynamic pressure was less than 2% of the total
surface pressure [12], hence the chamber static pressure is used to control the material
surface pressure.
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3.4.3. Heat Flux
In reentry conditions, heat flux plays an important role in material behavior.
Owing to the efficiency losses of the oscillator tube, water, and transmission lines, the
power supply input power does not linearly correlate to the power into the plasma.
Therefore intrusive calorimeters held in the plasma flow provide the stagnation point heat
transfer rate at the same location as material testing. Besides quantifying the test
conditions, heat flux measurements can also be used to assure consistency throughout
the duration of a single test, between different experiments and as a way to make
comparisons between different facilities. For this test campaign a thermal capacitance
calorimeter is used to measure the cold wall heat flux. The design uses a copper slug with
a thermocouple fixed to the back side. The calorimeter works with the assumption of
one-dimensional heat conduction into a cylindrical piece of material (slug) with known
physical properties. The current design minimizes radial conduction loss although it does
still exist; thus the slug calorimeter inevitably gives conservative results. Using the
temperature-time curve recorded by a back-face thermocouple, and knowing the slug’s
dimensions and material properties, the heat flux q, can be calculated using the following
equation [13]:

𝑑𝑇

𝑞 = 𝑙𝜌𝑠𝑙𝑢𝑔 𝑐𝑝 𝑑𝑡

eq. 4

Where l is the length of the slug, ρslug is the density of copper, cp is the specific heat of
copper and

𝑑𝑇
𝑑𝑡

is the change in temperature vs time taken from the thermocouple
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measurement. The calorimeter reliability has been established through repeatability and
with comparisons to a gardon gage and water cooled designs.

Even though all samples and calorimeters have the same outer diameter and edge
radius, it is imperative to note that the measured heat flux by the copper slug does not
accurately predict the heat transfer to the coupon surface due to the difference in gas /
surface interactions [14].

3.4.4. Spectroscopic Techniques
Abundant optical access of the material surface allows in-situ characterization of
the experimental conditions within the reacting boundary layer. Five viewports provide
direct line of sight of the test material for non-intrusive diagnostic measurements. Three
15 cm round fused silica windows located on the chamber are arranged orthogonally
enabling multiple spectroscopic techniques to be implemented simultaneously. Due to
the fact that the facility can operate at steady conditions for long durations an extensive
set of measurements can be performed for each test. The vacuum chamber and diagnostic
configuration can be seen in Figure 8.
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Figure 8: Optical access for spectroscopic measurements. Angled viewports with direct view of the
surface are not shown [courtesy J. Uhl]

Two angled viewports located on the base plate provide a direct view to the
leading edge of the test sample. If needed, the congruent angles of each viewport allow
for any diagnostics requiring reflection off the surface. Currently an infrared pyrometer
utilizes one of these ports to perform continuous material surface temperature
measurements, while the other can simultaneously be used for surface imaging.

An arsenal of spectroscopic techniques with high spatial resolution can be used
to detect a wide range of atoms and molecules within the reacting boundary layer. The
chemical composition of the plasma and the species of interest will determine the
diagnostic technique used. For all spectroscopic measurements, translation stages allow
for scanning in the axial and radial directions.
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For some tests, an Ocean Optics HR-4000 series spectrometer was used to make
temporally resolved measurements in the boundary layer. This emission spectrometer
allowed assessment of the material integrity by monitoring volatilizing species coming
from the sample within the detection range of 200 – 1100 nm with a spectral resolution
of 0.27 nm. This wavelength range allows detection of N atom, O atom, CN, NO and N2
as well as silicon carbide oxidation products such as Si, SiO and SiO2. Mirrors located
approximately 60 cm from the plasma axis form the conical collection envelope across
the entire material surface and reflect the emission into an Ocean Optics P400-2-UV-VIS
fiber optic cable that is attached to the spectrometer. The fiber optic cable is 2 meter long,
400 µm in diameter and rated for wavelengths between 300 nm and 1100 nm. The optical
configuration can be seen in the Figure 8.

Spatially resolved measurements were performed using a Nd:YAG laser system
which has proven the ability to detect O atom, N atom and CO through two photon
absorption laser induced florescence (LIF) [15][16]. Single photon LIF has also been
shown to detect the presence of NO. A schematic representation of the experimental
configuration for the laser measurements is shown below in Figure 9.
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Figure 9: Schematic of the approximate laser beam path configuration. Additional steering optics
and beam dumps are not shown. [courtesy J. Meyers].

A frequency-doubled Nd:YAG pumped dye laser emits visible light that is then
frequency tripled through a series of nonlinear optical crystals to generate ultraviolet light
at wavelengths from 207 to 232 nm. The UV output of the laser system is split into two
paths; one traveling to the ICP Torch and the second to a microwave discharge flow
reactor. The flow reactor provides a simultaneous population of the target atoms or
molecules at a known temperature (293 K) and pressure (0.5 torr). Laser scans are
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performed over the desired transition wavelength and the fluorescence is collected
perpendicular to the laser beam path using a photomultiplier tube at each location. A
delay generator correctly synchronizes the data acquisition system with the laser pulse.
Using the measured laser line widths and the known conditions in the flow reactor, the
gas temperature within the ICP torch can be calculated.

3.4.5. Computational Analysis
The input power is adjusted in order to control the heat flux, although many
influential plasma flow characteristics also change including; gas dissociation fraction,
flow dynamics, electrical potential and radiation intensity. Whereas, the degree of
dissociation of molecular species increases with increasing temperature until relatively
high temperatures at which atomic species begin to ionize. Assuming local
thermodynamic equilibrium at these conditions, the MUTATION code can be used to
show this temperature dependence [17]. The species mole fractions are plotted for an air
plasma at 160 torr from 600 to 10,000 K.
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Figure 10: MUTATION Mole Fraction vs Temperature plot at 160 torr [Courtesy A. Lutz]

Free stream temperatures derived from LIF measurements of nitrogen and oxygen
atoms at similar conditions to those used in this study ranged around 6500 K [18]. Figure
10 shows that in air plasmas for this temperature range, nitrogen exists in both atomic
and molecular states. Whereas, oxygen is almost completely dissociated and was
experimentally confirmed as seen in appendix A.
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CHAPTER 4: AEROTHERMAL SCREENING OF CANDIDATE FLEXIBLE
THERMAL PROTECTION MATERIALS
4.1. Introduction
Flight testing of TPS materials can be very expensive, therefore ground testing
facilities are used to first screen and qualify candidate materials. With this in mind, the
30 kW ICP Torch was configured specifically to expose candidate woven outer fabrics
to aerothermal heating conditions relevant to atmospheric entry. Different analysis
techniques can be carried out to quantitatively and qualitatively characterize the
aerothermal performance of the material. This chapter describes the experimental
configuration and diagnostic equipment used throughout this study. The high
temperature screening results for different 2-D woven materials is also presented.

4.2. Experimental Set-up
4.2.1. 2-D Woven Materials
The search for candidate materials to be used as a flexible outer fabric began in
2007 through analytical and experimental screening of off the shelf materials [2].
Besides being flexible, candidate outer fabrics must have high continuous use
temperatures, high emissivity, low catalycity, and produce limited particulate [2].
Investigations by several test facilities are ongoing to evaluate the performance of
individual materials as well as different layup configurations. Numerous possible outer
fabrics have been eliminated while other materials have been deemed viable and require
further evaluation [2]. To date, SiC fabric has shown great promise and has been
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proposed as the second generation flexible outer fabric material [2]. To convey the
superior performance, 2-D woven Hi-Nicalon SiC fabric was compared against Nextel
BF-20, Kevlar and carbon fiber. A brief overview of each material is presented;

 Nextel BF-20 fabric is woven from Nextel 440 ceramic fibers with a 5 harness satin
weave. These aluminoborosilicate fibers are used for high temperature industrial
applications and can withstand temperatures up to 1370°C [19]. This material is
considered the first generation material and has been successfully flight tested as
an outer fabric for the Inflatable Re-entry Vehicle Experiment [20].

 Kevlar is a H-C-N-O fiber that is known for its high tensile strength. Due to this
strength, current TPS designs use Kevlar as a structural TPS layer and to stitch the
outer fabric to the rest of the TPS [1]. Kevlar was tested with a braided weave type
and had the largest bulk thickness and largest diameter tows.

 Carbon materials have many beneficial properties making them suitable for high
temperature applications. Carbon felts are currently being tested as a flexible
thermal insulation that is placed behind the outer fabric. Even though the oxidation
of carbon can be very damaging, the performance reported for graphite at extremely
high heating conditions has actually been shown to far exceed those reported for
SiC [21]. In-turn, impregnated 3-D carbon weaves are being investigated for
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heating conditions beyond the survivable limits of SiC fabric [22]. The carbon fiber
material used in this campaign was tested as a 2-D plain weave.

The following table shows the material properties of the tested fabrics.

Table 3: Tested coupon properties

An image of each as-received weave type can be seen in the following figure. The
increments along the scale are in mm.

Figure 11: Surface image of the fiber weave types.
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4.2.2. Material Test Configuration
In order to test the candidate flexible outer fabric materials, most 2-D weaves
were mechanically punched into 20 mm diameter circular coupons. The braided Kevlar
fibers could not be mechanically punched into coupons, therefore circular pieces had to
be manually cut to fit within the coupon holder. The coupon holder was developed in
collaboration with NASA Langley Research Center and modeled after the design for
HYMETS. The mounting apparatus uses a clasp design that holds the coupon in the
center of a 25 mm outer diameter sintered SiC sleeve. The secured outer edges of the
coupon limit the actual exposed diameter to 18 mm while providing a standardized edge
chamfer with a radius of 3.2 mm. The standardized sample holder geometry assures
boundary layer uniformity between the sample and calorimeters which can significantly
affect the surface heating. An original sample holder sleeve was made from two phase,
reaction cured SiC but pores through the fragile 0.2 mm thick SiC coating allowed carbon
to leach out and interfere with the material performance. A sintered SiC backing piece
sits behind the fabric coupons and is contoured to provide a semi-flush leading surface
between the coupon and the sleeve edge. Care is taken to assure consistency in the
assembly, although seating of the outer fabric coupon can cause a fabric/sleeve offset of
approximately ±0.5 mm.

Two outer fabric coupons were tested simultaneously with a leading and sub
layer. The leading ply is exposed directly to the plasma flow while the sub ply is mildly
protected between the leading ply and the SiC backing piece. To limit conduction losses
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and maximize heating a ZIRCAR RSLE-57 refractory insulator thermally isolates the
coupon from the copper stem. A view of the component assembly used in the nitrogen
plasma campaign is shown below. A central hole through the holder components not
shown in the photo allows thermocouple access to the lead ply.

Figure 12: Exploded view of the two phase β-SiC coupon holder after exposure to 80 minutes of
nitrogen plasma.

Each layer of the coupon holder within the outer SiC sleeve is not hermetically
sealed and potential contamination from the copper shims, zircar insulator or other
components cannot be ruled out.
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4.2.3. Test Procedure
The performance of the 2-D woven fabrics was assessed for re-entry conditions
through exposure to the high enthalpy air plasma. The flow rate and chamber pressure
were held constant, for the entire duration of the plasma test. The following table shows
the exposure conditions for the air plasma tests.

Table 4: Air plasma test conditions

Air Plasma Test Conditions

Test Gas
Operating Power (kW)
Plasma Composition
Mass Flow Rate (g/min)
Static Pressure (torr)
Dynamic Pressure (torr)
Heat flux (W/cm2)

Air (bottled)
14
N2, N, O2, O
49
160
2.5±.5
80

Samples were radially inserted into the steady plasma flow column and were
stored in a cooler recirculation zone before and after each test. This insertion procedure
led to a large thermal shock and an extremely rapid temperature rise. Figure 13 shows
the radial temperature profile of the plasma column and re-circulation zone.
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Figure 13: Diagram showing the sample exposure temperature during the insertion/removal
procedure.

Gas temperature measurements in the plasma flow and chamber recirculation
zone were made using two different diagnostic techniques. Thermocouples were used to
determine the gas temperature outside the plasma flow column. Within the plasma, laser
induced fluorescence was used. The gas temperature measurements with the inserted
sample were taken within the thermal boundary layer over a quartz surface in an
oxygen/argon environment. Free stream measurements were taken at the same axial
height after the sample was removed from the same oxygen/argon plasma.
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4.3. Material Performance Characterization
4.3.1. Video Recording
A Canon VIXIA HF M300 records 2.99 megapixel, high definition video of the
fabric leading surface or sample profile during operation at 30 frames per second. For
surface imaging, the camera is located 30-40 cm from the surface of the material at an
angle of 23° to 30° off normal depending on the axial positioning of the sample. The
diagnostic equipment configuration is presented in Figure 14.
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Figure 14: A not to scale schematic of the diagnostics techniques that can be used to make direct
assessment of the coupon performance.

Significant features of the material evolution are easily observable on the surface
of the fabric during operation. Manual focus and automatic light intensity adjustment
allows for continually sharp images for the duration of the test. Profile videos taken
perpendicular to the plasma axis can also be useful for ablative or sublimating materials.
A computer code is used to detect the surface profile from video footage frame by frame
and calculate recession rates. This data combined with spectroscopic measurements can
be useful to determine basic material evolution analysis.
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4.3.2. Infrared Pyrometry
Determining the surface temperature is critical for evaluating the material
performance as well as assuring consistency between tests. However, due to the harsh
heating environment, confidence with surface temperature measurements is always a
concern. Physical constraints and the relatively low temperature capabilities of
thermocouples makes them not suitable for this type of application. In order to measure
the surface temperature of the fabric coupons at higher temperatures a remotely located
optical pyrometer is used. Care must be taken when selecting a pyrometer as they are not
universal and must be chosen for specific applications. The pyrometers used in this study
are a Marathon Series MR1SACF (600°C-1400°C) and MR1SCCF (1000°C-3000°C).
Measurements are recorded from the linear analog output of the pyrometer. The
pyrometer has a high sampling time of 10 milliseconds but the recorded data is limited
to 2 hz by the ICP Torch data acquisition system. The long transition lines from the
pyrometer to the DAQ adds noise to the system averaging around ±5°C but depends on
the operating conditions. The pyrometer has direct view of the surface through an optical
window which has over a 90% transmittance for the entire pyrometer operating
wavelength. The pyrometer has a focusing range from 30-60 cm and is located at the
same distance and angle as the camcorder. The pyrometer is aligned using through-thelens sighting. 95% of the energy is collected within a measurement spot size of
approximately 3 mm for the high temperature pyrometer and 7 mm for the low
temperature pyrometer at the distance tested [23]. For all the experiments in this study,
the entire coupon is within the sighting reticle.
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Both pyrometers used can perform measurements in 1 or 2 color mode. Each
mode has its advantages and disadvantages. The single wavelength band measurement is
made from the absolute radiated energy within the wavelength band of 0.75 to 1.1 μm.
Whereas the radiation collected by the pyrometer can be comprised of a complex mix of
reflected, transmitted and re-radiated emission in addition to the emitted radiation from
the material as seen in the following figure.

Figure 15: Image showing the emission collected by the pyrometer over an oxidized SiC surface.
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Ideally the object being measured should be opaque, however the transmittance
of the weave is dependent on the sample viewing angle [24]. Therefore the presence of a
sub ply can affect the pyrometer measurement when the measurements are made off
normal to the surface.

The single band measurement can give reliable results as long as the emissivity
of the material is known for the desired operating conditions. However, the emissivity
can change with time as the material surface evolves making it difficult to determine.
Any energy transmission reduction through dirty windows or lenses will inevitably lead
to lower measured temperatures. The 1 color mode will provide an average temperature
within the sighting reticle and has limited use for objects that do not completely fill the
optical collection envelope.

The 2 color mode uses dual wavelength bands to determine the temperature. The
pyrometer electronics automatically converts the temperature into an analog signal using
the energy ratio between 0.75 to 1.1 μm and the coinciding 0.95 to 1.1 μm wavelength
band. This allows reliable measurements to be taken if the emissivity is not known and
therefore is most commonly used in the lab due to its ease of use. Unlike the 1 color
mode, the 2 color mode detects peak temperatures within a measured region providing
better results when the surrounding environment is much cooler than the target [23].
Another advantage of this setting is that it can still make quality measurements up to 45
degrees off normal where 1 color losses reliability over 30 degrees.
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The accuracy of the pyrometers and the consistency of the facility has been
checked by comparing results of the high and low temperature pyrometers for their
overlapping temperature range from 1000°C to 1400°C. Although, surface temperature
measurements on low emissivity materials such as Nextel BF-20 or during oxidation of
SiC have shown unrealistic results when compared to thermocouple measurements. Due
to the 2 color modes high sensitivity to optical interference effects observed on SiC
oxidized coupons, all SiC surface temperatures below 1200°C are measured using 1 color
mode. However, uncertainty in the 1 color results does still arise due to the temporally
changing emissivity during oxidation.

4.3.3. Thermocouple Measurements
Thermocouples are known to be very reliable for most test cases and can be used
to determine the conduction through the SiC fabric. In addition, thermocouples can assess
the accuracy of the pyrometer measurements through back face temperatures on the lead
and sub ply. A rough estimate of the material surface temperature can be made using the
temperature drop across the sub ply with the assumption that there is a similar
temperature drop across the lead ply. Although, the conduction coefficient is expected to
change with temperature, gas composition, exposure time, oxidation state, pressure and
thermocouple placement. Thermocouple placement can be seen in Figure 14. A central
hole through the holder components allows thermocouple access to the SiC coupons.
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For test conditions below 1000°C, Omega 5TC Series, type E thermocouples with
glass braid insulation were used and data was recorded using a National Instruments
DAQ. Type E thermocouples provide the largest EMF per degree [25], in turn
minimizing the influence of electronic noise produced from the plasma. At higher
temperatures, type K thermocouples were used. Except for the initial melting of the glass
braid sheathing at temperatures above 482°C [25] and when the coupons undergo
catastrophic failure, the thermocouples provided smooth consistent data with very little
noise.

4.3.4. Mass Change
Quantitative mass measurement results between the pre and post-test samples
were not reliable or repeatable for fabric samples. Component fusing due to chemical
reactions during plasma exposure made the cross contamination of particulate upon
disassembly almost impossible to avoid. This caused a large scatter in mass
measurements of the fabric coupons. Therefore mass change results were not used in the
material analysis.

4.3.5. Microscopic Analysis
Qualitative analysis through surface imaging was used to provide clues of the
microstructural and morphological evolution of the material. Digital photographs
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allowed side by side comparisons of pre and post samples after high temperature
exposure.

A scanning electron microscope (SEM) was also utilized in order to analyze the
transient morphology of the fabrics. The JEOL 6060 microscope used in this study is a
high-performance, compact, scanning electron microscope that has excellent secondary
electron and back scattering electron resolution. High definition microscopic imaging of
the fibers was possible without any treatment or coating although the low electric
conductivity of highly oxidized SiC samples caused some electrostatic charging. The
SEM is equipped with an energy dispersive x-ray microanalysis system (EDS) from
Oxford Instruments. EDS is a valuable tool that allows semi quantitative elemental
characterization of the sample.

A Keyence VHX digital microscope is also a highly valuable tool for
characterization of the surface morphology due to its ability to take high resolution
microscopic color photographs with optimal contrast. The Keyence microscope uses
optical lenses and digitally stitched frames to create fully focused images through the
entire depth of field.

4.4. Material Screening Results
Figure 16 shows the temperature vs time profile for carbon fiber, Kevlar, Nextel
BF-20, and Hi-Nicalon SiC fabric for the first 120 seconds.
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Figure 16: Surface temperature vs time plot of candidate fabric materials exposed to an air plasma

The Nextel BF-20 surface temperature was measured using 1 color mode with a
set emissivity of 0.45 [26]. Surface temperatures for the other materials were measured
using the pyrometer in 2 color mode. Large fluctuations in the pyrometer measurements
were observed for all destroyed coupons due to the rapidly changing surface morphology
and material removal during failure of the woven materials. The end of the pyrometer
measurement occurred when the material was completely destroyed and the cooler SiC
backing piece was exposed.
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Even though all materials were tested at the exact same conditions, different
surface temperatures are achieved due to thermal properties specific to each material
including, emissivity, catalycity and reactivity. Figure 17 shows profile and surface
images for carbon fiber, Kevlar, Nextel BF-20, and Hi-Nicalon SiC fabric at varying
exposure times.

Figure 17: Profile and surface images taken during plasma testing

Profile images were taken immediately after insertion except for the silicon
carbide sample which was taken when the sample reached a stable surface temperature.
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SiC fabric achieved a surface temperature over 1400°C and was the only material to
withstand more than 30 seconds in the 80 W/cm2 air plasma. A few SiC samples had
propagating flares that consumed individual tows, although the iridescence caused by
oxidation and an increase in coupon stiffness were typically the only easily observable
changes in the post test sample. All other materials displayed signs of spallation and
decomposition immediately after insertion. Carbon was the thinnest coupon tested and
was expected to experience significant oxidation. Flares on the surface were easily
observable along with severe spallation. No carbon fiber coupon remains were
observable after 60 seconds of exposure. Kevlar decomposition was visually observable
through shortening and shrinking of fiber diameters along with a strong light emission.
The Kevlar coupon took slightly longer to decompose but was also 3 times the thickness
and weight of the carbon weave. A strong green boron dioxide emission was easily
observable instantly after Nextel BF-20 insertion. Nextel coupons quickly melted into
viscous pools that flowed on the surface, eventually leading to complete disappearance
of the coupon.
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CHAPTER 5: THEORETICAL AND EXPERIMENTAL ANALYSIS OF
WOVEN SIC OXIDATION IN AN AEROTHERMAL ENVIRONMENT
5.1. Introduction
Despite the higher temperature capabilities of SiC fabric compared to Nextel BF20, extensive testing performed by others in static heating environments has proven long
duration exposure to oxidizing gas mixtures as a limiting factor in the versatility of SiC
fibers [27]. Although, tests using room air or flowing molecular gases are far from the
actual conditions of flight. In order to more accurately examine the oxidation
performance of woven outer fabrics for atmospheric entry applications, SiC coupons
were tested using the 30 kW ICP Torch which provides the radiative, convective and
chemical heating more typical of hypersonic flight.

5.2. Silica Detection
SiC fabrics exposed to oxygen containing plasmas underwent a dramatic
morphology evolution that was not uniform throughout the weave architecture.
Microscopic analysis of post-test samples displayed a rapid silicon dioxide growth in the
form of thick scales, bubbles and even hairs leading to an increase in fabric stiffness and
brittleness. The SEM equipped with EDS was used to verify the formation of a thick
silicon-oxygen layer. Just like decorative anodized components, the presence of the
vitreous oxide layer was visually observable through a colorful iridescence pattern due
to the thin film interference. These visible signs of oxidation occurred after exposure
times on the order of seconds for temperatures above 1000°C. This is typical of many
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investigators that have tested SiC based materials in high enthalpy oxidizing plasmas
[28-46] including samples with positive erosion rates [30]. The following photos show
the post test samples for the different test gases and EDS results of the oxidized sample.

Figure 18: Photograph comparisons between a) an oxidized SiC sample (test condition: 30 slpm
Argon / 10 slpm O2, 160 torr, 1250°C) b) and a SiC sample exposed only to a nitrogen plasma (test
condition: 40 slpm N2, 160 torr, 1400°C). EDS analysis of the oxidized sample is also shown.

It can be seen that any SiC fabrics exposed to atomic oxygen bearing plasmas will
lead to a surface that is significantly different in visual appearance and elemental
composition than the virgin material or samples tested in pure nitrogen plasmas.

For exposure durations over 10 minutes at surface temperatures above 1400°C,
thicker oxide layers form causing the surface to look glassy and black. Commonly
observed protective oxide layers are amorphous SiO2, cristobalite or a mixture. Although
the clear glassy nature is typical of amorphous SiO2 whereas cristobalite usually has a
milky white appearance. For many high temperature applications of SiC, this formation
of an oxide layer is considered as a beneficial phenomenon leading to lower SiC recession
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rates; however it can have detrimental effects on the fine diameter, high surface area
fabrics.

These observations of surface evolution are not unexpected seeing that the topic
of oxidation on silica formers (Si, Si3N4 and SiC) has been studied since the early 19th
century and continues today. Although, the many different techniques used in
experimental studies have displayed drastically different results due to the immense
number of oxidation complexities. Variations of flow rates, gas composition, heating
methods, internal or external impurities [47], SiC microstructure [48], oxygen partial
pressure, total pressure [49], and electrical potential [50] can all lead to contradictions
throughout literature. In addition, the presence of atomic species in the oxidizing
environment can also significantly affect the resulting surface structure or reaction rates
[21, 51-55]. Therefore, it is imperative that candidate flexible TPS materials are analyzed
in ground test facilities that can simulate the high enthalpy plasma flow experienced
during flight. To date, reports of aerothermal testing of SiC materials in high temperature
oxidizing environments have been focused on rigid ceramic matrix composites.
However, some of the conclusions may not be applicable to flexible materials.

5.3. Idealized Oxidation Stages
Upon atmospheric entry there is a highly complex variation in gas composition,
pressure, shear, temperature and other transient influences of flight. At high altitudes,
the low density may limit the availability of oxygen atoms [40] but low oxygen partial
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pressures can be damaging [57]. The intermediate range is the location of the anticipated
peak heat flux followed by the peak surface pressure. Finally the high density of low
altitudes can drive the reacting flow towards chemical equilibrium at the surface where
molecular gases are the predominant impinging species [40]. Depending on the entry
trajectory, oxidation stages could potentially reverse directions leading to hysteresis
effects through the changing temperatures and pressures [47].

Even though the real world complexities exist, a highly simplified model was
created to help decipher the basics of the oxidation phenomena during aerothermal testing
of SiC fibers. The following figure illustrates this idealized dynamic evolution of the
sample mass when exposed to plasma heating conditions at high temperatures above the
silica softening point.
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Figure 19: Illustration of an idealized sample mass vs time plot showing the oxidation stages and
the inconsistency between different transition detection methods

The illustration shows the macro-scale mass evolution of a SiC coupon that is
first passively oxidized until the conditions are changed to a harsher environment by
either a temperature increase, shear increase, pressure decrease or transition in the gas
chemistry. Investigation at the micro-scale or molecular level of the actual oxidation
phenomena within the weave architecture is much more complex. This schematic does
not show a burning off phase where high erosion occurs [32] directly after insertion or
oxidation without the initial formation of a silica layer.
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5.4. Passive and Active Oxidation
Extensive research in conventional ovens has been carried out on the oxidation
of SiC fibers but it is important to understand that the theories, models and experiments
are not universal and typically apply to only a small region of the entire oxidation
spectrum.

It is very useful for authors to split up the oxidation processes into a mass increase
regime due to the development of a passive SiO2 layer or a mass loss regime due to the
active removal of SiC. Wagner used the oxidation of silicon to develop a model for the
transition between these significantly different oxidation regimes [57]. However large
discrepancies arise throughout literature on the definition and location of this transition.
The two processes that lie on either side of the transition are called “passive” and “active”
oxidation but are typically oversimplified [37] into the following molecular reactions
[58];

3

Passive Oxidation:

𝑆𝑖𝐶 + 2 𝑂2 ↔ 𝑆𝑖𝑂2 + 𝐶𝑂

eq. 5

Active Oxidation:

𝑆𝑖𝐶 + 𝑂2 ↔ 𝑆𝑖𝑂 + 𝐶𝑂

eq. 6

The passive regime depicts the inherent mass gain on the material surface by the
loss of carbon and the addition of two oxygen atoms. The active regime shows the direct
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removal of SiC into the gas phase leading to a total mass loss as the gaseous species
propagate away from the surface.

Some regard the transition between these two regimes as a hard line while others
believe passive and active reactions can occur simultaneously [47]. The different
experimental procedures for inducing the transition also plays a significant role in the
location of the transition [47]. It has been shown by Morino that the active to passive
boundary can be very different between plasma and static testing and even between two
different plasma facilities [36]. Reactant dissociation has also been shown to limit the
pressure dependence of the transition [21] and enlarge the pressure-temperature domain
that is characteristic of a steady state semi-protective oxide film [48] [21]. Whereas the
degree of dissociation of both oxygen as well as nitrogen in the reactive boundary layer
will influence the resulting surface [35].

Using thermogravmetric analysis, some determine the active/passive transition
point by the total mass change [47] while others use the rate of the mass change [49].
Using visual inspection, some authors label the transition to active oxidation as the
location of a bare SiC surface [21] [59], while others use the detection of silica. Although,
the silica layer can be discontinuous, poorly adherent to the SiC substrate and nonuniform in thickness [49]. Therefore, regions where both silica and a bare SiC surface
exist can cause controversy depending on the definition of the transition. The degree of
protection the surface provides has even been considered as the transition criteria [58].
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Using spectroscopic techniques, the transition from passive to active has also been
identified as a rapid increase in SiO production [34] or Si emission [58].

Whatever the definition or method used, the separation into only the active and
passive regime is inadequate for hypersonic flight [31]. For aerothermal testing of SiC it
is insufficient to assume that a mass loss occurs only in the active regime and is a direct
indication of a bare SiC surface [31]. It is not uncommon to observe a condensed reaction
product on the surface while accompanied by a net mass loss or total thickness decrease
[21]. In order to apply the results of many authors and more accurately represent the
phenomena observed during aerothermal testing of woven SiC fibers, the oxidation
reactions were split into 4 separate stages; silica formation (deposition and thickening),
equilibrium, intermediate, and direct SiC removal.

5.5. Stage 1 – Silica Formation
On high purity SiC materials, silica formation through a solitary thickening phase
at the SiC/SiO2 interface is commonly reported in conventional ovens. If no changes to
the test environment were made it would be expected that the mass would keep
asymptotically increasing and stages 1 would continue indefinitely. Theories matching a
parabolic mass increase predict a diffusion controlled process [60] while a more linear
mass change may be due to a kinetically controlled system [61] but these models are
inherently oversimplified for ballistic entry due to the dissociation of gases causing
parallel diffusion of atomic and molecular species [62]. Models that incorporate the
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potential influence of atomic species have been shown to better predict the high initial
oxidation rates [63]. For thin oxide layers, the oxide thickness on silicon in the presence
of O-atoms was shown by Vora to be up to 20 times that with only molecular oxygen at
similar operating conditions. Whereas, the oxide layer growth was shown to be directly
proportional to the O-atom concentration [56]. In order to more accurately represent the
observed plasma oxidation phenomena, a much more representative model splits the
formation stage into a rapid silica deposition phase and a slower thickening phase.

5.5.1. Initial Deposition
For a certain range of conditions within the ICP Torch, the plasma free stream is
comprised of both atomic and molecular oxygen that can react with the SiC surface.
Based on the oxidation theory of Hilfer and Auweter-Kurtz, atomic oxygen which is also
characteristic of hypersonic flight is unlikely to collide simultaneously with more than
one other species and also have enough energy to initiate a reaction. This leads to the
assumption that many concatenated reactions control the overall oxidation phenomenon
[30]. The initial reaction step would be:

𝑆𝑖𝐶 + 𝑂 ↔ 𝑆𝑖𝑂 + 𝐶

eq. 7

Whereas atomic oxygen is the active species and the reaction products are
temporarily stable in the gas phase. This is then followed by the sequential oxidation of
SiO and C as seen in the following reaction.
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𝐶 + 𝑂 ↔ 𝐶𝑂

eq. 8

𝑆𝑖𝑂 + 𝑂 ↔ 𝑆𝑖𝑂2

eq. 9

This continuous SiO reaction could take place while SiO is still adsorbed on the
surface or in the gas phase creating a barrier within the thermal boundary layer, consisting
of SiO, SiO2 smoke and CO [64] [65]. Reactions between CO and O to form CO2 have
not been detected but if present would be expected to remain in the gas phase. Inevitably,
any of these reactions would result in an unavoidable decrease in oxygen partial pressure
towards the surface [65].

By definition, oxidation by a highly dissociated plasma flow would inherently be
considered to occur within the active oxidation regime if the formation of SiO gas was
the deciding criteria. This silica deposition phase is illustrated in Figure 20.
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Figure 30: Illustration showing the rapid silica formation phase

High velocities could cause the gaseous intermediate reaction products to be
swept downstream due to the relative timescale of the process before undergoing
additional reactions. In turn, this can lead to deposition of evaporated SiO2 or further
oxidation of SiO gas at locations of lower temperature or higher oxygen pressure [30].

Depending on the gas composition and ICP Torch power setting, virgin SiC fabric
samples followed the same temperature profile (±25°C) with a rapid temperature rise of
over 1000°C/sec upon insertion into the plasma. Due to the extreme heating method, the
initial silica formation phase was expected to occur concurrently with thermal
decomposition and the removal of impurities. At temperatures above 1000°C, emission
spectroscopy has captured the impurity removal process by an initial spike in carbon
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containing reaction products. Emission spectra results captured directly after insertion
into a pure nitrogen plasma is compared to SPECAIR data [66] in the following figure.

Figure 41: Emission upon SiC coupon insertion into a pure nitrogen plasma within the thermal
boundary layer using an integration time of 10 seconds [66]

Hirsch described this visually observable process during aerothermal testing of
SiC CMCs as a burn off phase which lasted for times ranging from 0.3 to 15 seconds
depending on the temperature. [32]. This burn off phase is only observable on virgin
materials and is most easily seen in pure nitrogen plasmas. CN violet, CN red, and
diatomic carbon emission are easily distinguishable using the emission spectrometer. Si
has been detected upon insertion at 252 and 288nm but it is easily drown out when
capturing the strong CN emission. In addition, the fiber optic cable used with the
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emission collection optics loses sensitivity below 300nm which is the location of Si and
SiO features.

For virgin samples directly inserted into oxidizing plasmas, it has been reported
that a visual blurring effect only observable immediately after virgin sample insertion is
due to this silicon-oxygen fog and rapid silica formation [32]. Although, the blurring
front is not unique to oxidizing environments or silica forming materials suggesting that
it is the result of a high volume of material ejected into the boundary layer creating a
superimposed emission with a broad wavelength range. Never the less, significant silica
formation is expected to occur within the timespan of this blurring front. The blurring
effect can be seen in the following figure when comparing the insertion of a virgin and
oxidized SiC coupon into a nitrogen plasma flow.
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Figure 52: Surface images taken during insertion into a nitrogen plasma for a) a virgin SiC coupon
and b) a previously oxidized coupon

For tests at 1200°C using two plies of SiC fabric, two waves of the blurring front
were observed within 3 seconds after insertion. For any plasma condition, no blurring
front has been observed at surface temperatures below 1000°C. In addition, samples
tested at 926°C in oxygen containing plasmas were exposed to very low dissociation
fractions and took much longer to display any signs of oxidation.

For SiC coupons that were directly inserted into a nitrogen plasma, the
simultaneous burn off of impurities can last over 20 seconds which is much longer than
the blurring front. Although this is not the case in oxidizing plasmas. The visually
observable impurity removal phase is much more suppressed when oxygen is present.
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The blurring front in air occurs for only a fraction of a second and the duration is even
shorter for pure oxygen plasmas. In a 100% oxygen plasma the development and
disappearance of the blurring front occurs so rapidly it is sometimes difficult to
distinguish from the sustained silica coating on the surface.

The following plot shows the absence of emission from carbon containing species
that is captured by the spectrometer upon insertion into an air plasma.

Figure 63: Emission upon SiC coupon insertion into an air plasma within the thermal boundary
layer using an integration time of 10 seconds [66] (test condition: 32 slpm N2 / 8 slpm O2, 160 torr,
1400°C)
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The emission was collected at the same spatial location, with the same
spectrometer collection configuration, and 10 second integration time as used in the pure
nitrogen case. Even though the impurity removal phase occurs at temperatures below the
temperature range of silica formation, the rapid temperature rise after direct insertion
may allow the newly deposited silica coating to suppress the removal of free carbon. Inturn, unreacted carbon will be trapped underneath or within the silica layer. The lack of
Si or SiO features, could suggest that silica formation occurs while the atoms are bonded
to the SiC surface. Although, the intensity of the feature, the limited sensitivity of the
collection optics below 300nm and the rapid timescale of the blurring front in oxidizing
plasmas could also lead to the absence of a detectable feature.

For the aerothermal conditions tested and a surface temperature of 1400°C, the
continued deposition of SiO2 eventually covered the entire fiber surface creating a
passive silica coating. This oxide layer formed in a matter of seconds and could be seen
within the weave architecture using the SEM. Figure 24 was taken after a tensile test at
1200x for a 1 minute exposure time and 430x for the 4 minute case.
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Figure 74: SEM images of the coupon cross-sections after a 1 and 4 minute exposures to an air
plasma. (test condition: 32 slpm N2 / 8 slpm O2, 160 torr, 1400°C)

It is obvious that the SiO2 formation occurred primarily in the hypocycloids and
other irregular shaped vacancies between the fibers. EDS was used to confirm the siliconoxide elemental composition. The SEM image and EDS analysis does not show any type
of oxygen diffusion transition region but depicts an abrupt interface between the SiO2
layer and the SiC fiber. The distinct boundary can be seen where the silica has detached
from the fiber which also suggests low adhesion and the probable condensation of a
silicon-oxygen fog. Once the silica was formed no substantial change in the thickness
was observed within the limitations of the SEM between 1 and 4 minutes. SiC filament
diameter reduction between the different locations throughout the weave was also not
distinguishable.

5.5.2. Thickening
A relatively slower thickening of the SiO2 layer following the rapid deposition
phase is expected to cause catalytic recombination to be the dominating oxygen atom
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consumption path. This transition occurs due to the diffusion limitations of oxygen
through the newly formed passive silica layer [32]. The oxide growth rate can be
controlled by boundary layer transport, adsorption onto the oxide surface, diffusion mass
transfer of the oxidant through the SiO2 layer, kinetic oxidation of SiC from free oxygen,
and outward diffusion of the reaction products [67]. Whereas the limiting process can
vary with time, temperature and pressure. Diffusion of silicon through the passive SiO2
network was ruled out by Pretorius who used radioactive
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Si to determine that the

continued silicon dioxide formation occurs at the Si-SiO2 interface which implies that
and oxygen is the diffusing species. [68] Although, this conclusion does not include
deposition of SiO2 from the rapid formation phase. This, thickening stage is illustrated in
Figure 25.

Figure 85: Illustration showing the slower thickening phase
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The thickening stage is more similar to established molecular oxidation models.
Whereas the limiting factors of the oxidation process act in series causing the overall rate
to be controlled by the slowest process. Although, the presence of atomic and molecular
species can potentially accelerate the oxidation process through parallel reaction
pathways [62]. Experiments performed by others have shown the differences between
these two reactive oxygen states.

18

O tracers were used to discover how exposure to

atomic oxygen gradually disorders and modifies an existing SiO2 network as it diffuses
inward toward the substrate interface. Meanwhile, under exposure to molecular oxygen,
no oxygen exchange in the bulk SiO2 was observed [51] [55]. Furthermore, during
plasma oxidation, the concentration of molecular oxygen was found to play an
insignificant role until the oxide layer thickens and the reaction with O2 becomes the
prevailing mechanism to supply the oxidant to the SiO2/SiC interface [56].

For exposure times of only a few minutes, the influence of this thickening phase
is expected to be much more pronounced on the leading side of the fabric rather than
within the weave due to the relatively thin silica film on the surface. Oxygen diffusion
through the weave architecture is expected to occur on a much longer time scale. This is
unique to fabrics due to the fact that most rigid SiC or CMC materials are designed to be
impermeable to oxygen. Visual signs of this thickening stage can be seen in the following
photos. The different sample holder sleeves were reused between tests and could buildup thick silica layers over time. Attempts were made to sand off the leading surface
between tests.
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Figure 96: Illustration showing the slower thickening phase

The changing iridescence signifies that the thickness is changing on the order of
angstroms [69] which is much too small to be detected using the SEM due to the
electrostatic charging on the silica. It is important to note that the repeating interference
colors change with inspection angle and only suggest a uniform thickness for each
contiguous color instead of a visually quantifiable surface thickness. The highest plasma
temperatures occur along the central axis of the plasma flow and is a possible reason for
the strong iridescence in the center of the oxidized sample. Although the increased
conduction path due to the crimp of the sleeve as well as the increased boundary layer
velocity near the edge of the sample can also contribute.

5.6. Stage 2 - Equilibrium
SiO2 is not stable at temperatures near or above its softening point [65]. In-situ
video recording of the SiC fabrics exposed directly to high enthalpy oxygen containing
plasmas at temperatures around 1400°C depict flowing liquid silica due to external
aerodynamic forces which can be seen from 30 sec. to 1 min. after insertion in the form
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of balls and streaks. This silica flow is also observable when oxygen is added to a pure
nitrogen plasma.

Besides mechanical removal, continuous chemical reactions can cause both the
removal of SiC as well as SiO2. Aerothermal testing by others has shown a time
independent SiO2 erosion behavior that leads to an equilibrium oxide thicknesses and
linear SiC recession rates in overall mass and thickness [31]. The evolving surface
morphology observed on the SiC fibers provides evidence of ongoing chemical reactions
beyond those described in stage 1. Accumulation of gaseous bi-products forming at the
SiC/SiO2 interface can lead to observable bubbles on the silica surface [65]. These
bubbles and other silica features can be seen in the following figure.

Figure 107: a) SEM image of silicon-oxide layer showing bubbles and pores and b) EDS results
taken on the surface of an oxidized sample(test condition: 32 slpm N 2 / 8 slpm O2, 160 torr, 1400°C)
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In order for bubbles to form, the total pressure at the SiC/SiO2 interface must be
greater than the surface pressure at the SiO2/gas boundary [49]. It is assumed that the
large number and size of these bubbles is attributed to free carbon within the fibers,
whereas the initial rapid deposition phase traps the carbon underneath or within the
passive silica layer. The trapped carbon could react with oxygen atoms that diffuse
through the silica and produce high CO pressures. These bubbles also suggests minimal
gas escape through micro-cracks or pores that span the entire oxide thickness. Due to
these potential micro-channels in thin films, a critical oxide layer thickness is required
until bubbles will arise [70].

On SiC fabrics, the bubbles appear to be limited to the diameter of the fibers but
will increase in volume as the gases diffuse outward through the passive film [102]
typical of Oswald Rippening. They continue to grow until rupture from the buildup of
internal pressure and shear forces from the flow environment [31]. Bubble formation is
consistent with actual flight results on SiC coated ceramic matrix composites [37].
Although the bubble formation during flight has been observed to be much more
damaging than predicted using aerothermal ground testing results [37].

Continued bursting of bubbles can accelerate erosion and oxidation rates [71],
although outward diffusion of gaseous reaction products through bubbles does not
necessarily represent silica removal or total mass loss. In order to counteract the mass
increase due to the silica formation, SiO2 reactions at the gas boundary [37], viscous
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silica flow, or reactions between SiC and SiO2 at the interface [65] must occur. Whereas,
reactions at the gas boundary could include sublimation of SiO2 or dissociative removal.
Therefore, silicon may be removed in different oxidized states including; Si, SiO or SiO2.
Although if the oxide leaves the surface in molecular form, possible dissociation could
occur in the high temperature boundary layer, even if oxygen is sufficiently available
[58].

This depletion of silicon and silicon-oxides into the boundary layer is in
agreement with many other researchers using different materials and spectroscopic
techniques [34] [39]. The equilibrium stage resulting in this silicon and carbon removal
is illustrated over SiC in Figure 28.

Figure 118: Illustration showing the equilibrium phase.
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If the silica growth rate decreases with increasing thickness and the silica removal
rate remains constant over all thicknesses, eventually an equilibrium thickness will be
reached. This same equilibrium will occur in the case of viscous silica flow even if the
removal rate increases with silica thickness. With increasing temperature, the equilibrium
oxide layer thickness will decrease and shorter times will be required to reach the steady
state thickness [72]. Due to the thickness dependence on viscosity and volatilization rates,
the equilibrium oxide thickness will be expected to vary throughout the weave
architecture with the local surface temperature, oxygen concentration, and total pressure
[31].

Operating at a high total pressure, low temperature or low gas flow rate makes
the oxide thickness large and linear mass loss may not be observed within the timeframe
of the experiment [49]. Negligible SiO2 volatilization at low temperatures or deposition
of SiO2 at other locations on the measured sample can all cause an asymptotic mass
increase. For the small diameter fibers, the steady state thickness may actually be larger
than the fiber radius and complete consumption may ensue before an equilibrium
thickness is achieved [73]. However, stage 2 is likely to occur during exposure to the
extreme conditions of aerothermal testing and it is thought to be reached in just a few
seconds for high enthalpy operating conditions [39].

The continual removal of SiO2 and SiC of stage 2 is independent of time and will
only stop until complete consumption of the SiC substrate if allowed to continue long
69

enough. Thus, SiO2 removal cannot be ignored either in interpretation of short term
oxidation results [72] or in predicting the life of reusable materials [31].

5.7. Stage 3 - Intermediate
During atmospheric entry, a change in the plasma enthalpy or pressure can throw
the oxidation mechanisms off balance. A small change in conditions can lead to a new
steady state oxide layer thickness and new removal rate. Unique to plasma environments,
a change in surface catalycity, emissivity or reactivity may also throw the thermal
equilibrium off balance. A large enough shift in the equilibrium conditions can lead to
complete removal of the silica layer. Any preexisting oxide layer over the SiC surface
requires a transitional time period that must exist between stages 2 and the bare SiC
surface of stage 4. This stage was designated by Gulbersun as an “intermediate” phase
which doesn’t exist in the reverse direction [65].

A change in shear can also change the silica equilibrium thickness. Therefore
different locations of similar temperatures on a hypervelocity vehicle would be expected
to have different silica thicknesses depending on the aerodynamics. Some authors
arrived at the conclusion that increasing flow velocity increases the silica formation rate
by increasing the amount of oxygen available [48]. However this theory only holds true
for small velocities which are mostly irrelevant to ballistic entries [30]. Under high shear,
the gaseous oxidation products may be continuously carried downstream which could
greatly enhance erosion mechanisms [37].
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Depending on the environment, the removal of the oxide layer progresses similar
to the combination of reactions of stage 2. This non equilibrium region is illustrated in
Figure 29.

Figure 129: Illustration showing the intermediate phase

An increase in the silicon removal rate due to a transition in the thermal energy
balance has been observed in the ICP torch facility using emission spectroscopy. Spikes
of silicon containing species have been detected within the thermal boundary layer over
SiC and SiO2 materials at temperatures above 1400°C. The Si emission lines were
commonly seen at 251-253 and 288 [74] in oxidizing and non-oxidizing environments.
Silicon-oxide features were observed for all oxidizing environments tested, although the
features were much more elusive compared to Si emission. The following figure shows
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SiO A1Π-X1Σ+ [74], SiO 3Σ-3Π [75], and weak SiO2 -? [75] features that have been
captured in the ICP torch over SiC fibers.

Figure 30: Emission over a SiC coupons in oxidizing environments showing the best capture of SiO
and SiO2 [76][74][75]

The highest signal to noise data collected for SiO was seen in an air plasma,
whereas the presented SiO2 feature was captured at 1400°C in a CO2 plasma. Both
features were also captured in pure oxygen plasmas but the features were much less well
defined.

The duration of Stage 3 is dependent on the silica removal rate and initial oxide
thickness. By increasing the heat flux in a step wise fashion to a constant condition, the
transition to a bare surface has been shown to be delayed as long as 180 seconds [46]
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where the time is shorter for larger power increases or thinner initial films [77]. For the
irregular surfaces of SiC fabrics it is unlikely that the silica layer will be removed
uniformly. Therefore, there is a possibility to observe a heterogeneous SiC / silica
surface.

5.8. Stage 4 – Direct SiC Removal
After complete consumption of the silica layer a new thermodynamic equilibrium
can be reached on the bare SiC surface with different oxidation/volatization rates [77].
Initial exposures to extremely high temperatures or low pressures can lead to direct
removal of SiC without the formation of an oxide layer. At these harsh conditions stages
1-3 may not exist and the material will start directly in stage 4. This stage is defined as
the absence of SiO2 on the surface allowing unhindered oxygen attack of the SiC. At
these new conditions all reaction products are gaseous and no condensed phase exists.
Possible reactions on the bare SiC surface are illustrated in Figure 31.
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Figure 31: Illustration showing direct SiC removal

The rate of mass loss during stage 4 is dependent on the operating conditions. No
data has shown an increase in mass loss rates during the combined removal of silica and
SiC of stage 3. Although, operating at oxygen partial pressures near the transition to the
bare surface have shown maximum erosion rates at constant temperatures [36] due the
high concentration of unhindered reactive species.

5.9. Additional Stages
Stage 1 is almost unanimously referred to as the “passive” regime, meanwhile
stage 4 is usually referred to as the “active” regime. “Bubble formation” has also been
classified as a separate regime [71]. The existence of stage 2 during oxidation testing at
temperatures above the stable point of silica is the common culprit of confusion between
aerothermal testing and conventional ovens. However, an additional phenomena
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described by a sharp temperature jump at extremely high temperatures has led to further
discussion about the transition between active and passive. This temperature jump has
been referred to as the active oxidation regime [45]. Although according to others a jump
in temperature is a unique phenomenon separate from active oxidation [78] and has
actually been observed during this investigation in pure nitrogen plasmas. Subsequently
it has also been split into 3 cases, active, passive and temperature jump [78]. With this in
mind, it is proposed that oxidation during aerothermal testing should inevitably be
described by more than just 2 stages. Formation, equilibrium, intermediate, direct SiC
removal and temperature jump are better suited when trying to specifically define the
individual oxidation stages.
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CHAPTER 6: TRANSIENT THERMAL PROPERTIES OF SIC FABRICS
CAUSED BY OXIDATION
6.1. Introduction
Analysis of the interactions between the gas phase and TPS surface can be
modeled using the thermal energy balance illustrated in Figure 1 of Chapter 1. It can be
seen that the net heat flux on the surface is comprised of both heating and cooling
components that are dependent on the surface properties of the TPS. Where 𝑞⃗𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑖𝑛
is an artifact of the irradiance acting on the surface that originates in the shock layer and
𝑞⃗𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 is the heat transfer to the surface from the impinging gas species.
Not including potential pyrolysis from the insulators, the cooling effects of
ablative mass transfer 𝑞⃗𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 are assumed to be negligible on the SiC outer fabric
for the temperature range of this investigation. This leaves outward radiative cooling
𝑞⃗𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑢𝑡 and conduction 𝑞⃗𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 into the entry vehicle as the dominating heat
removal mechanism on non-pyrolyzing materials. Minimal conduction into the entry
vehicle is essential therefore attempts are made to maximize the radiative cooling through
high emissivity materials.

6.1.1. Emissivity
The radiative cooling is dominated by the surface temperature and the efficiency
at which the material radiates. Whereas an increase in surface temperature will increase
the total radiative heat flux from the surface. This temperature dependence is described
by the following equation:
76

𝑞⃗𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑢𝑡 = 𝜎𝜖𝑇 4

eq. 10

where T is the surface temperature, σ is the Stefan-Boltzmann constant and ϵ is
the total emissivity value. This emissivity value is defined as the ratio between 0 and 1
of the radiated energy reduction compared to a perfect black body and is typically
reported for a flat smooth surface. A black body has an emissivity of 1 and the radiation
from the surface follows Planks distribution. A graybody is a material that exhibits a
constant emissivity over all temperatures and wavelengths.

6.1.2. Catalycity
The rapid temperature rise across the bow shock can cause dissociation and
possible ionization of the atmospheric gases leading to extremely harsh conditions and
an additional heating mechanism. Thermodynamic non-equilibrium flow close to the
entry vehicle allows highly reactive atomic species to reach the TPS surface [40]. The
chemical component 𝑞⃗𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 of the thermal energy balance incorporates the additional
energy released from exothermic chemical reactions occurring on or with the surface.
The catalycity of the material describes the efficiency at which dissociated species
recombine on the surface. In the case of re-entry, N2, N-atom, O2, O-atom and traces of
NO are expected to be the predominant gas species after the bow shock. The three
competing catalytic reactions during re-entry are presented in the following equations.

𝑁 + 𝑁 + 𝑠 → 𝑁2 + 𝑠
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eq. 11

𝑂 + 𝑂 + 𝑠 → 𝑂2 + 𝑠

eq. 12

𝑁 + 𝑂 + 𝑠 → 𝑁𝑂 + 𝑠

eq. 13

Where N is atomic nitrogen, O is atomic oxygen and s represents a surface reaction site.
Evidence of all three reactions occurring in the thermal boundary layer has been observed
using laser induced fluorescence during aerothermal testing.

Catalycity is a macroscopic surface property that can be calculated as the ratio of
reacting atoms to the number of atoms impinging on the surface. Gamma is typically
used as the catalytic recombination coefficient and can be seen in the following equation
[79]:

𝛾𝑖 =

𝑁̇𝑖 𝑟𝑒𝑐𝑜𝑚
𝑁̇𝑖 𝑡𝑜𝑡𝑎𝑙

eq. 14

Where i is the gas species, 𝑁̇𝑖 𝑡𝑜𝑡𝑎𝑙 is the arriving flux and 𝑁̇𝑖 𝑟𝑒𝑐𝑜𝑚 is the recombined
flux. This ratio inevitably leads to a gamma value between 0 (non-catalytic) and 1 (fully
catalytic). Although, in actuality it is expected that all materials have varying degrees of
partial catalycity. Surface morphology, microstructure, and elemental composition can
all affect the overall catalycity of the material [80]. Environmental factors such as the
impinging reactant species, surface temperature, and total and partial pressure can also
contribute [80]. Whereas, diffusion of reactants in the boundary layer, surface reaction
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kinetics, and diffusion of the products from the surface will influence to the overall
reaction time and effective catalycity.

6.1.3. Reactivity
The reactivity of the material describes chemical reactions between the gas phase
and the surface of the material. In the case for SiC fabrics, the following reactions have
been detected using energy-dispersive spectroscopy on the surface and emission
spectroscopy in the boundary layer:

𝑆𝑖𝐶 + 𝑂 → 𝑆𝑖𝑂 + 𝐶

eq. 15

𝑆𝑖𝑂 + 𝑂 → 𝑆𝑖𝑂2

eq. 16

𝐶 + 𝑁 → 𝐶𝑁

eq. 17

𝐶 + 𝑂 → 𝐶𝑂

eq. 18

𝑆𝑖𝐶 + 𝑥𝑂 + 𝑦𝑁 → 𝑆𝑖𝑂𝑥 𝑁𝑦 + 𝐶

eq. 19

More reactions are expected than the ones listed but have not been experimentally
observed to date. Surface temperature and partial pressure can directly affect the
existence and rates of these reactions. Whereas, operating at surface temperatures below
1000°C significantly slows the SiO2 formation in oxidizing environments and the
reaction to form a silicon oxynitride is only observed when operating with extremely low
oxygen partial pressures.

79

Each of these reaction pathways will simultaneously compete with the
consumption of gas species through catalytic recombination. The following relationship
is used to describe the number of impinging gas species that are consumed by reactions
with the surface.

𝜓𝑖 =

𝑁̇𝑖 𝑟𝑒𝑎𝑐𝑡
𝑁̇𝑖 𝑡𝑜𝑡𝑎𝑙

eq. 20

Where 𝑁̇𝑖 𝑟𝑒𝑎𝑐𝑡 is the reacted flux. The catalycity and the reactivity can then be combined
to account for all the impinging gas species;

𝛾𝑖 + 𝜓𝑖 = 1 −

𝑁̇𝑖 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑
𝑁̇𝑖 𝑡𝑜𝑡𝑎𝑙

eq. 21

Where 𝑁̇𝑖 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 is the flux of impinging gas species that bounce off the surface
chemically unmodified. Even with this seemingly simple equation, significant
complexity arises when analyzing the heat transfer as each potential consumption
pathway has its own reaction rate, activation energy, exothermicity, and accommodation
coefficient. Even further complexities arise when accounting for the transient influences
of material surface evolution on catalycity, reactivity and emissivity.

6.1.4. Feed-back Loop
Many authors report the properties of non-ablating thermal protection materials
with the assumption that the surface properties do not change with time. Although,
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scanning electron microscope images of the SiC fabric surface show a dramatic
morphology evolution after exposure to oxidizing plasmas. Whereas, exposure to pure
nitrogen plasmas leads to relatively minor observable changes. Therefore any thermal
analysis for SiC fabrics in atomic oxygen bearing plasmas will be made on a material
that is significantly different in surface area and elemental composition than the virgin
material.

The inherent permeability of the outer fabrics also makes them unique compared
to other SiC materials due to the ability for gas surface reactions to occur within the
weave. Whereas, silica formation can seal the cracks between the fibers as seen in Figure
4 in Chapter 5 and would be expected to significantly slow in depth reactions. This silica
formation within the weave architecture would also have direct influence on the
conduction into the material.

The overall aerothermal performance of outer fabric can be modeled by a
dynamic feed-back loop that will dictate the thermal equilibrium of the material.
Catalycity, emissivity and reactivity are all functions of the material surface as well as
the exposed environment. Their combined influence is reflected in the resulting surface
temperature. A visually interpreted energy balance similar in concept to the diagram
presented by Herdrich [81] can be seen in Figure 32.
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Figure 32: Illustration showing the influence of SiC surface dependent properties

The feed-back loop shows the direct influence of the material response on the
catalycity, reactivity and emissivity. This in-turn leads back into the energy balance on
the surface. Even though radiative and convective heating as well as conductive cooling
can be effected by transient changes in the material and comprise part of the coupon
energy balance, this research is focused on the catalycity, reactivity and emissivity and
their dependence on the material response.

6.2. Experimental Conditions
Experiments were carried out in the same manner as described in chapter 3 except
different gas compositions were used. It is desirable to test the TPS under the exact flight
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profile with constantly varying conditions due to its direct influence on the gas surface
interactions. Although, for this test campaign, steady state conditions were used to
simplify the experiments. Whereas, priority was focused on reproducing the aerothermal
and chemical environment during peak heating rather than the aerodynamic
characteristics of flight.

Hypersonic flight within earth’s atmosphere is the focus of this chapter, therefore
experiments were carried out in variable O2/N2 gas mixtures at steady temperatures up to
1500°C for applicable trajectory durations. Pure nitrogen plasmas and admixtures with
argon were used to provide insight on the coupling effects between multiple gas species
and the influence of oxidation reactions. The operating conditions used in the test
campaign of this chapter are presented in the following table.

Table 5: Operating flow rates, chamber pressure and powers for the thermal evolution
tests. *calculated for specific coupon exposure diameter
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The oxygen mass flow rate was calculated from the measured volumetric flow
rate and scaled according to the cross sectional area of the 36 mm diameter plasma
column and the 18 mm diameter coupon exposure diameter.

6.3. Direct Coupon Insertion
Experiments were performed comparing surface temperatures in oxidizing
plasmas and pure nitrogen plasmas. Results have shown very different virgin sample
temperature profiles depending on the presence of oxygen even if similar steady state
temperatures are achieved. The temperature profile for the N2 and O2/N2 test case can be
seen in Figure 33.
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Figure 33: Temperature profile for the air : nitrogen plasma test compared to the pure nitrogen
plasma test

It can be seen that the addition of a small amount of oxygen into the plasma
significantly increases the initial surface temperature profile of virgin coupons. This
increased heating phenomena that occurred while operating at the same torch operating
power is associated with a higher chemical reactivity during the initial formation time of
the silica layer [32] and confirmed by others using a heat flux probe with a SiC surface
[40] [82] [39]. The secondary hump on the O2/N2 case after 30 seconds is believed to be
associated with a subsequent increase in nitrogen catalycity on the oxidized surface
which is described in further detail at the end of this chapter. It is interesting to note that
at the conditions tested, the copper slug heat flux measurement was approximately 10
W/cm2 higher in the O2/N2 test case even though the resulting temperatures are similar.
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Reinsertion of a previously oxidized sample will not display the initial
temperature hump. Differences between the first and second insertion have also been
observed by others on temporally changing materials [38][191]. Experiments were
performed by exposing samples to 2 minutes of nitrogen or O2/argon plasmas, then
allowed to cool down to room temperature and reinserted into the same conditions. Figure
34 shows the temperature profile on virgin and reinserted samples.

Figure 34: Temperature profiles of virgin and re-inserted SiC coupons for the high power oxygen :
argon plasma test compared the pure nitrogen plasma test

Oxygen/argon was used to remove the complexity of oxygen/nitrogen coupling
effects which has been shown by Rosner to decrease the total reactivity [83]. These
coupling effects can be seen when comparing the shape of the virgin insertion
temperature profiles for oxidizing environments presented in Figures 33 and 34. A
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secondary hump is almost always observable when nitrogen is present but disappears for
oxygen/argon tests. Comparing the first and second insertion of the O2/argon case, the
temperature profile does not show as high of an initial temperature in the second insertion
even though they settle at a similar steady state temperature. The almost 100°C
temperature differential between the virgin and oxidized SiC coupon would relate to a
significantly higher heat load experienced by the entry vehicle. This disappearance of the
temperature overshoot on SiC after reinsertion in an oxidizing plasma was confirmed by
Gulhan using a spectral pyrometer and a 2 color pyrometer for first and second insertion
[38]. It can also be seen that the surface temperature for the oxidized sample almost
parallels the nitrogen case exactly. Except for the disappearance of the initial temperature
spike, the reinserted nitrogen case follows the same slow temperature rise seen on the
virgin sample. The initial flare correlates the increased CN red emission that appears
within the pyrometer collection band immediately after insertion. The CN feature and
potassium emission line can be seen using the emission spectrometer in the following
figure. The dip centered around 945 nm is an absorption feature of the fiber optic cable
not seen by the pyrometer.
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Figure 35: Emission features and graybody emission that occurs within the wavelength band of the
pyrometer

The strong CN red and potassium emission can be seen upon insertion into a
nitrogen plasma. The high carbon content on the surface of the SiC fibers and thermal
decomposition of the inherent silicon-oxycarbide phase is expected to be the cause of the
very high CN signal upon insertion into a N2 plasma. Within the first few seconds, CN
emission decreases and the sample temperature increases causing the graybody emission
to dominate the spectrum within the pyrometer wavelength band.

SiC is a selective emitter, therefore further error in the pyrometer measurements
can exist if the wavelength dependent sample emission intensity is not accounted for.
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Compared to the planks distribution of a perfect blackbody, the non-ideal wavelength
dependent emission can be seen on the low temperature emission profile. This error can
be accentuated when using 2 color mode which uses the energy ratio of two coinciding
wavelength bands. Confidence in the temperature measurement can be gained if a similar
temperature is measured in both pyrometer modes. The results of this error are shown in
appendix D. Fortunately, more ideal graybody emission profiles exist at the higher
temperatures used in this study and are shown on an oxidized and un-oxidized surface at
1400°C.

In addition to the non-ideal graybody profile, the oxide film can also bring about
considerable difficulties with the pyrometer measurements. Interference effects that arise
within the wavelength of the pyrometer from the oxide layer that forms can cause
measurement errors as much as 100°C if the 2 color mode is used [84]. These unrealistic
measurements using 2 color mode are easily observable in the form of oscillations at
temperatures below 1200°C on rigid smooth surfaces. A plot of these oscillations that
occur as the silica layer thickens are presented in appendix D.

6.4. Emissivity Calculations
All the components of the dynamic feed-back loop are directly dependent on the
surface elemental composition and morphology, including the emissivity. In order to
calculate the potential emissivity change in the material, comparisons were made from
data collected using 1 and 2 color mode on the same pyrometer.
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If the target material acts as a graybody within the measured wavelength, the dual
wavelength band measurement can give a reliable temperature without knowing the
emissivity value. Due to this ability to provide temperatures independent of surface
emissivity it would be expected that any emissivity change in time would still lead to
reliable results using the 2 color mode. Although, this is only the case if the material is
not a selective emitter and the emissivity changes equally within both wavelength bands
maintaining the same ratio of energies.

If the material behaves as a graybody and an accurate emissivity value is entered
into the pyrometer, the single wavelength band measurement can also provide a highly
reliable measurement. However, a perfect graybody doesn’t exist in nature, therefore an
effective emissivity value must be selected on the pyrometer in order to account for any
anomalies. This effective emissivity value must not only account for the material
properties including temperature, object geometry, microstructure, surface morphology
and transmittance but it also must account for the experimental configuration. The
effective emissivity value used to make the pyrometer measurements is an artifact of the
angle of measurement, spectral range of the pyrometer and other attenuation factors that
are specific to the ICP Torch. This leaves the potential for the environment and surface
characteristics to have greater influence over the resulting effective emissivity value than
the actual elemental composition. Many of these surface characteristics drastically
change with time during exposure to oxidizing plasmas. However, the emissivity value
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selected on the pyrometer will remain constant until manually adjusted. Therefore time
dependent emissivity corrections must be made in post processing to compensate for the
surface temperature and oxidation state of silicon carbide. The following figures show
the time dependent measurement error during oxidation in an O2/N2 plasma.
Comparisons to a pure nitrogen exposure are also made.

Figure 36: Pyrometer measurements made in 1 and 2 color mode for the air : nitrogen (left) and
the pure nitrogen (right) plasma tests

Besides the accentuated error of the initial flare in 2 color mode which is an
artifact of surface impurity removal, the nitrogen plasma test provides similar trends and
temperatures using a 1 color mode emissivity value of 0.5. If both temperatures parallel
each other, a constant spectral emissivity would be calculated and the material could be
represented as a gray body as seen in nitrogen plasma case. For the air plasma test, it is
obvious that the surface selected pyrometer emissivity used in 1 color mode does not
track the exact temperature measured in 2 color mode. This divergence signifies a time
dependence on the emissivity.
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Assuming confidence in the measurements made using 2 color mode and
knowing the inputted emissivity used in 1 color mode, the spectral emissivity 𝜖2𝑐 can be
numerically determined using the following relationship:

4
4
𝜎𝜖1𝑐 𝑇1𝑐
= 𝜎𝜖2𝑐 𝑇2𝑐

eq. 22

Where 𝜖1𝑐 is the emissivity value manually inputted into the pyrometer, 𝑇1𝑐 is
temperature measured in 1 color mode, and 𝑇2𝑐 is temperature measured in 2 color mode.

Although this effective emissivity value will only be relevant to the experimental
configuration due to the specific pyrometer wavelength range, orientation, and line of
sight into the ICP torch. Due to the rough coupon surface this effective emissivity value
is not expected to match reported values for a smooth flat surface. Also, the effective
emissivity value does not represent the total emissivity which includes all wavelengths
and angles, not just the 30° and 0.75 to 1.1 µm of the pyrometer. Whereas, the total
emissivity determines the radiative cooling of the surface. Fortunately, even if the total
emissivity value is unknown, the extraction of the emissivity time dependence is still
distinguishable.

Calculated emissivity for two different gas compositions can be seen in Figure
37.
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Figure 37: Emissivity values calculated from temperature vs time data for the air : nitrogen and
the pure nitrogen plasma tests

This increasing effective emissivity with time can be seen for all virgin samples
exposed to oxygen containing plasmas. Although differences in magnitude exist due to
the different surface temperatures. For the angle and spectral range of the pyrometer, the
non-oxidized samples ranged around 0.5 whereas the oxidized samples increased from
0.45 up to 0.6 within 3 minutes, although the confidence lies in the change with time and
not the actual emissivity value. It is interesting to note that this change in emissivity is
on the order of minutes like the observed silica thickening phase. This change in
emissivity is in agreement with others that have shown that the emissivity on SiC surfaces
can change with temperature, roughness and oxidation state [43].
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6.5. Oxygen Addition Testing
6.5.1. Influence of Oxidation on Emissivity
Due to the many transient phenomena occurring directly after insertion into the
plasma, a different method was used to extract the effects of oxygen on the surface
temperature. By exposing the samples initially to pure nitrogen plasmas, the influence of
potential impurities and the thermal inertia of the sample holder could be minimized.
Once a steady state temperature was achieved in nitrogen, air was added into the plasma.
This addition of oxygen at constant ICP torch power supply conditions led to a temporal
change in equilibrium temperature. The manual changes made in the operating conditions
can be seen in the top section of Figure 38. The flow rate is shown on the left while the
copper slug heat flux is labeled on the right. The heat flux measurements were taken
before and after the test at the known steady state conditions. The bottom section of the
figure shows the resulting temperature and scaled graybody peak emission vs time for a
virgin sample. A re-insertion test was also performed following the same procedure.
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Figure 38: Plot showing the oxygen addition procedure and the resulting temperature response

In order to maintain a stable plasma jet, the nitrogen flow rate was decreased in a
stepwise fashion when the air was added. Once oxygen was present in the plasma flow a
large jump in surface temperature was observable followed by a slow asymptotic
decrease of almost 100°C. This is unique for a virgin SiC material as an oxidized sample
will not show as significant of a temperature increase suggesting that it is not specific to
the increased heat flux when air is added but actually material dependent. The peak
graybody signal and thermocouples were used to confirm the existence of a temperature
hill. Although the thermocouple measurements were affected by the silica formation
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within the weave and had to be performed at a lower heating condition due to the
increased potential of catastrophic failure when thermocouples are placed within the
weave. These results are consistent with the direct insertion tests whereas a lower
temperature was observed on the re-inserted sample.

There are many possible contributions to this interesting phenomena. Due to the
fact that the rapid increase then decrease in temperature occurred at constant operating
conditions, the phenomena must be due to a change in the feed-back loop. In order to
determine the emissivity of the fabric, additional tests were performed using the
pyrometer in 1 and 2 color mode. These measurements can be seen in the following plot
where the oxygen was added and then removed twice in the same stepwise manner as
seen Figure 39.
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Figure 39: Plot of an oxygen addition test showing the emissivity calculated from pyrometer
measurements made in 1 and 2 color mode

It can be seen that the emissivity increases similar to the direct insertion into an
oxidizing plasma and then decreases when the oxygen is removed. This suggests the
removal of silica during nitrogen exposure which is in agreement with the O-atom
emission that can be observed on an oxidized coupon surface in a nitrogen plasma.
Although the rate at which the nitrogen plasma removes the silica is much slower than
the initial formation stage, therefore no significant visual change has been observed. It
can be seen that a relatively constant emissivity is achieved after 6 to 8 minutes of oxygen
exposure suggesting a more steady state silica thickness. This is in agreement with other
authors that have reported an equilibrium thickness in aerothermal heating facilities [30].
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Even though strong quantitative statements can’t be made about the influence of
emissivity on the radiative heat flux due to a lack of the total emissivity value and the
complexity of the feed-back loop, an increase in emissivity would naturally lead to lower
surface temperatures due to the increased radiative cooling. Preliminary estimations
using equation 1 suggests that a temperature decrease of this magnitude is possible purely
by an emissivity change. This can be seen in the following plot of temperature vs
emissivity for the first and second oxygen addition. Comparisons to the theoretical
calculations are also shown.

Figure 40: Plotted temperature vs emissivity comparing experimental and theoretical data

It can be seen that the measured surface temperature falls faster than is predicted
by the theoretical calculations. If the measured temperature followed the calculated slope
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it would be strong evidence that the temperature decrease is purely a function of the
emissivity change. Never the less, the plot shows that a 60°C temperature drop is
plausible within the margin of error for the relevant surface temperature and emissivity
range. Although the difference in slopes between the theoretical and the measured
suggest that there is a decrease in the heating mechanism and/or an increase in the cooling
mechanism simultaneous to the emissivity change. Comparisons between the first and
second addition of oxygen show higher temperatures for the virgin coupon which also
suggests that there is further changes occurring in the feedback loop. This could arise
from an increase in the conduction through the coupon as well as a decrease in reactivity
or catalycity. This includes a change in both nitrogen and or oxygen catalysis. It is
unlikely that the variance in temperatures is purely an artifact of the thermal inertia of
the sample holder because the temperature drops faster than predicted by the emissivity
increase.

6.5.2. Influence of Oxidation on Reactivity
In addition to the emissivity increase during oxidation, a change in atom
consumption can be observed during oxidation of SiC materials. For relatively short
durations, the rapidly changing surface morphology on the SiC fibers provides evidence
of ongoing chemical reactions besides catalytic recombination. This includes the
formation of the silica layer as well as bubbles that originate below the silica surface.
Whereas, a viscous silica layer on the surface is expected to be reached on the order of
seconds at 1400°C in aerothermal environments.
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The catalytic efficiency is expected to be purely an artifact of the surface
structural nature and only occur on the SiO2/gas boundary. In contrast, oxidation
reactions can occur below the oxide surface at the SiC/SiO2 boundary and the reaction
rate will decrease as the silica layer thickens due to diffusion limitations [60].
Conveniently, the transient reaction rates of oxidation can help to distinguish between
catalytic and reactive pathways. The time dependence of the gas surface interactions is
illustrated in Figure 41.

Figure 41: Illustration showing chemical reactions that have been detected during oxidation in the
ICP Torch

The illustration depicts a few of the different exothermic reaction pathways that
have been detected in an air plasma on an evolving surface. Additional reactions are
expected to occur that are not illustrated including homogeneous oxygen recombination.
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Endothermic reactions can also occur and remove heat from the surface by ejecting atoms
and molecules into the boundary layer [85] but were not included.

In order to show the time dependence in the atomic species consumption through
the different pathways, emission spectroscopy was used in the boundary layer in front of
the sample. However emission data of SiC fabric coupons had very low signal to noise.
Therefore, a rigid SiC disk replaced the fabric coupons due to the ability to better track
the gas features from both molecular and atomic species just off the material surface. The
following figure shows the emission spectra for the fabric and rigid SiC material at the
exact same operating conditions and experimental configuration using a 10 second
integration time. Within the free stream most gas species cannot be detected for the
integration time used but once the sample is inserted, the cooler, higher density boundary
layer near the surface allows molecular and atom species to be tracked. The wavelengths
for the dominant features are labeled.
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Figure 42: Emission spectra within the boundary layer for two different SiC materials at
equivalent ICP Torch operating conditions [66][76]

The difference in graybody emission is due to the higher steady state temperature
of the fabrics. The high surface area and the thermal contact resistance between the fibers
of the weaves is expected to be the reason for the higher temperature and lower atomic
species emission. The non-ideal wavelength dependent emission on the rigid sample can
also be seen.

An oxygen addition experiment was performed on the rigid sample in the same
stepwise manner as described in Figure 38. The results of the species intensity vs time
data is displayed in the following figure. The wavelengths of the features tracked are
labeled. The lines between the data points are visual guides to help interpret the data and
do not represent physical values.

102

Figure 43: Scaled emission intensities within the boundary layer of a rigid sample

The emission signal intensities were collected with a 10 second integration time
and individually scaled to 1. Background subtraction was performed for tracked emission
lines that overlapped additional features including the graybody emission. CN and NO
features where manually shifted to zero when no signal was observable.

After the initial flare of N2 2+ and CN, N-atom is easily detectable. Once the
surface temperature reached a more steady state, a small flow of air was added to the
plasma flow at 10 minutes. During this transition of flow rates, the sample temperature
jumped from 1260°C to a peak of 1330°C. O-atom and NO also became detectable using
the emission spectrometer. High concentrations of other species are expected in the
thermal boundary layer during oxygen addition including CO and O2. However the
spectrometer could only detect strong emitters within the 200 to 1100nm wavelength
range. After 20 minutes the conditions were returned to a pure nitrogen plasma.
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As the surface morphology evolves due to oxidation, the energy balance
described in Figure 32 is not in equilibrium, even if the operating conditions are kept
constant. This is also true during exposure to relatively inert gas mixtures including
nitrogen, where the transient surface temperature may lead to microstructural changes in
the material that can cause a time dependence in the gas-surface interactions.

CN violet is a very strong emitter at 385nm and was observed during the oxygen
addition procedure. Within this time frame, it is plausible that a form of active oxidation
occurs initially at the low oxygen partial pressures. Whereas the CN spike is due to the
formation of free carbon after oxygen reacts with the silicon carbide surface to form SiO.
Once the desired oxygen partial pressure was achieved, the surface temperature continues
to rise along with a high consumption of atomic species. The initial decrease in N 2 2+
and lower NO signal suggests that other reactions are occurring besides catalytic
recombination. After the temperature hump the atomic and molecular gas species
increase with time. This is expected to be due to the transfer from oxidation reactions to
a predominately catalytic consumption pathway.

6.5.2. Influence of Oxidation on Catalycity
After relatively long durations where a thick silica layer is formed, it would be
expected that most impinging gas species will either recombine through catalytic
reactions or return to the boundary layer chemically unmodified [21]. Whereas
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heterogeneous and homogeneous catalytic recombination is usually predicted to be the
dominant atom loss mechanism within the boundary layer. At this point, oxidation
reactions would most likely comprise only a small percentage of the chemical component
of the heat flux [39][77]. This conclusion is in agreement with experimental results by
Hirsch [32] and the kinetic theory calculations carried out by Kimura where only 0.2%
of the incident oxygen species contributed to the oxide layer in plasma oxidation [51].

Temporal surface modifications by oxidation have been shown to change the
recombination coefficient after exposure times of less than 140 seconds [86]. Whereas,
the SiO2 formed on the surface of SiC in oxidizing environments has also been predicted
to be less catalytic than the underlying SiC surface [81]. This change in catalycity leads
back into the feed-back loop in turn creating a new equilibrium temperature and
continued surface evolution and potential change in emissivity, catalycity or reactivity.

Besides the temporally changing oxidation reactions, Figure 43 also provides
additional insight into the N-atom consumption on an un-oxidized and oxidized SiC
surface. After 20 minutes, oxygen was removed and the flow rates were returned to the
original pure nitrogen plasma. When comparing temperatures before and after oxygen
addition, the sample temperature dropped from 1260°C down to 1240°C. It is interesting
to note that after the sample was oxidized, the N-atom emission intensity is lower in
magnitude when comparing the intensity to the virgin material in the pure nitrogen
plasma. This temperature drop and lower N-atom emission intensity is typical for SiC
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fabrics as well. It is also interesting that a peak in the O-atom signal occurs at 17 minutes
and the graybody emission begins another slow increase. These results suggest that the
catalycity of the material may still be changing due to the formation of bubbles leading
to a silica surface that may actually have a higher catalytic efficiency. Another possibility
for the decrease in N-atom signal is the N + Si or N + O reaction that may occur between
the gas phase and the SiO2 surface. This is in contradiction to results by others that have
shown a decrease in catalytic efficiency on SiO2 surfaces compared to SiC. Although,
the oxidation in dissociated gases at these high heating conditions can lead to a rough,
porous and viscous silica surface, as seen in Figure 27 of Chapter 5. Therefore, the net
drop in temperature may be due to the higher emissivity and a decrease in the oxidation
reaction rate.
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CHAPTER 7: FRACTURE BEHAVIOR OF TWO-DIMENSIONAL WOVEN
SILICON CARBIDE FIBERS EXPOSED TO HIGH-TEMPERATURE
NITROGEN AND OXYGEN PLASMAS
7.1. Introduction
Outer fabrics must withstand intense post shock heating while remaining strong
and pliable to accommodate the associated stresses of flight. However oxidation of the
fine diameter SiC fibers has raised questions about the possibility of heat shield failure
due to a weakening tensile strength of the outer fabric. Many authors have reported a
change in the tensile strength of SiC fibers after exposure to static heating environments
or with flowing molecular gases in more conventional furnaces [5, 8, 27, 87-103] but
these test configurations are far from the actual conditions of flight. Flowing dissociated
gases along with combined radiative and convective heating, which is more
representative of hypersonic flight aerothermodynamics, can significantly enhance
chemical reactions with the SiC surface [53]. To examine the performance of woven
outer fabrics in an environment that better replicates atmospheric trajectory aeroheating,
tests were conducted in the 30 kW ICP Torch Facility. These tests involved exposing
fabric samples to different plasma heating conditions for varying lengths of time.
Additional tests were carried out using different plasma gases to better understand the
plasma chemistry influence on fabric strength. The following sections describe the SiC
material properties, the high temperature test environment, and the results of tensile tests
on the woven fiber coupons.
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7.2. Experimental Conditions
Re-entry conditions were of interest, therefore experiments were performed with
100% nitrogen, dilute air, normal air, and 100% oxygen plasmas to elucidate the effects
of oxidation reactions while maintaining a constant chamber static pressure of 160 torr.
The operating conditions for each test case of this chapter can be seen in Table 6.

Table 6: Operating flow rates, chamber pressure and powers for the fracture strength
tests. *calculated for specific coupon exposure diameter

For all of the different test durations, the fabric samples exhibit the same
temperature profile within ±25°C for each unique gas composition and power setting.
The temporal variation of surface temperature for the four-minute tests in the different
plasma mixtures can be seen in the following plot.
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Figure 44: Two-color pyrometer measurements of the coupon surface for the duration of a plasma
test for different plasma gases

The heating conditions were chosen to provide similar steady state temperature
levels for all test gases. However, it was not possible to exactly match the temperature
evolution for each gas composition due to the different gas-surface interactions occurring
for different plasmas. One example is shown by the high-temperature excursions, which
appear as surface flares in video records, for the pure oxygen test case.

7.3. Tensile Testing
7.3.1. Coupon Test Configuration
To characterize the fiber strength change for flight applications, hot sample
tensile tests would be ideal. However, due to experimental limitations to date, room
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temperature tensile tests were performed on the circular woven fabric coupons after
plasma exposure. To execute the strength tests, a Test Resources 1000M single column
tensile machine equipped with a 5kN maximum capacity force transducer was used.
Owing to the circular shape of the coupons, no ASTM standard for testing textiles could
be carried out. Metal pipe strapping was attached at opposite ends of the coupon using a
two-part adhesive to securely mount the specimen in the knurled grips. Tests were
performed at a constant extension rate of 1mm/min and samples were pulled to
elongation at fracture. A schematic of the loading configuration is shown in Figure 45.

Figure 45: Mounting configuration used to test the 2 cm circular coupons

A custom jig was used to carefully mount the coupons to provide a consistent
gage length of 6mm and to limit any off-axis loading to ±5°. Due to the asymmetry of
the satin weave, the fibers on one face of the fabric visually run in one direction. Even
though fabric tensile strengths can differ between warp and weft directions [27], it was
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nearly impossible to distinguish the weave direction from the circular coupons; therefore
the load direction was always oriented in the run direction on the windward side. For
each test, there was an average of 18 loaded tows, leaving approximately 4-6 tows
unattached for the specified gage length due to the circular shape of the coupons.

7.3.2. Fracture Strength Calculation
To present all results as tensile break strength, calculations were made from the
load and head displacement output data. Given that the conversion to tensile stress
depends on the coupon cross-sectional geometry, the number of filaments and specific
diameter of each filament must be known. The following equation was used to convert
fabric breaking loads to tensile strength.

𝜎𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 =

𝐹𝑚𝑎𝑥
𝐷 2
2

eq. 23

𝜋𝑓( )

Where 𝜎𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 is the fracture strength, 𝐹𝑚𝑎𝑥 is the peak load taken from the load
vs strain plot, f is the number of filaments, and D is the filament diameter. The number
filaments were determined using the filaments per tow data provided by the distributor
and the counted number of broken tows, t, as seen in the following equation.

𝑓

𝑓 = 𝑡 ×𝑡
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eq. 24

The manufacturer’s data for the individual fiber diameter of 14 µm and 500
filaments per tow were used to make the strength calculations. These quantities were
validated with the use of SEM imaging of the fibers and tows. Any fiber diameter
reduction due to the conservation of mass during the transition from SiC to SiO2 was
deemed negligible within the limits of the SEM for the short exposure times. Therefore
the same filament diameter of 14 µm was used for all calculations, which causes this
method to provide conservative results. Any micro-composite calculation complexities
that arise from the two component SiO2/SiC oxidized samples were ignored due to the
much smaller tensile strength of silica. The attached number of tows were counted before
and after each tensile test as some tows de-bonded from the adhesive and slipped from
the vice grips. Error bars are presented to show these stress calculation uncertainties.

Caution should be used when making direct comparisons between the results of
the coupon strength and the strengths reported for single filaments. Fibers to fiber
abrasion and weaving damage can counteract the potential increase in strength due to the
fabric assistance provided by the weave [104]. Beside the influence of the weave, tensile
strength comparisons between single tow tests and the single filament tests performed by
others, as seen in appendix E, depict an approximate 40% loss in strength when multiple
filaments are tested simultaneously which is in agreement with the bundle theory [92].
Whereas the bundle theory states that the individual filaments don’t fracture uniformly
and fracture propagation can be initiated by the weakest filament leading to a failure
strength that is much lower than expected [92].
112

7.4. Fracture Strength Results
7.4.1. Nitrogen Plasma Strength
Tensile tests were performed on the samples following exposure times of 30, 60,
120, and 240 seconds. Results showing the strength reduction in a pure nitrogen plasma
can be seen in Figure 46. It is important to note that all dotted lines between the data
points in every plot are visual guides and do not actually represent physical
measurements.

Figure 46: Fracture strength of the lead and sub ply after exposure to a nitrogen plasma

An exposure time of zero is represented by the 3 test average virgin coupon
fracture strength. For both lead and sub ply there is a drastic strength loss after seconds
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of exposure to the partially dissociated nitrogen plasma. The fracture strength of samples
appears to level off at approximately 50% strength reduction for durations between 30
and 240 seconds and have retained their structural integrity after exposures of over 40
minutes. This limited time dependence for longer durations has also been shown to occur
in molecular nitrogen for times between 1 and 400hrs at temperatures below 1500°C [91].
After any rapid transient effects that occur within 30 seconds, a relatively steady state
strength offset between plies was observed in nitrogen plasma tests. The greater strength
retention of the sub ply may arise from the naturally lower temperatures behind the
leading surface. Although, the lead ply is also expected to attenuate the influences of
damaging gas-surface interactions or possible radiation emitted from excited species
transitions within the plasma.

7.4.2. Oxygen Plasma Strength
A distinct difference was observed when comparing the surface morphology and
tensile strengths between the oxidized Hi-Nicalon samples and samples that were only
exposed to pure nitrogen plasmas. Results showing the strength reduction in oxidizing
plasmas can be seen in Figure 47.
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Figure 47: Fracture strength of the lead (left) and sub ply (right) after exposure to different
oxidizing conditions

Compared to pure nitrogen plasmas, the strength decrease in oxygen containing
plasmas displayed a greater magnitude and longer time dependence. The incredibly
brittle nature of the SiC fiber after exposure to an oxidizing plasma bound the maximum
testable duration to 240 seconds at the experimental temperatures. The strength reduction
for the sub ply occurs at an initially slower rate compared to the leading ply. Suppression
of damaging gas surface interactions deeper within the intricacies of the weave most
likely contribute to the time delayed strength reduction of the sub ply. Whereas, boundary
layer effects such as aerodynamic shear and dissociation fraction may decrease within
the weave architecture. Not until after 240 seconds does the fracture strength of the lead
and sub ply converge to an equivalent value within the margin of error.
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7.5. Material Response
7.5.1. Nitrogen Plasma Morphology
Removal of any protective coatings including PVA and surface carbon is
expected to occur at temperatures between 400-600°C [88], and such temperatures are
achieved within the first few seconds for all test cases. The initial surface carbon removal
could participate in the strength reduction due to its ability to ameliorate strength
controlling surface flaws [100]. This removal of surface carbon was observed in a pure
nitrogen plasma and can be seen in Figure 23 of Chapter 5.

Removal of carbon from the leading material surface can be seen immediately
after insertion in pure nitrogen plasmas by the appearance of diatomic carbon and CN
emission. Whereas, CN violet and CN red emission easily dominate the emission spectra.
Atomic nitrogen features come from the plasma itself and the strong 589 nm sodium line
is present during all tests, but it is not mentioned in the manufacturer’s data. Removal of
silicon can be also seen after insertion in pure nitrogen plasmas by the appearance of
atomic Si emission. Note that the atomic Si emission is weaker than that of the strongly
emitting polar molecule CN, and so it appears barely detectable when capturing the
strong CN emission without saturating the detector. In contrast, impurity and free carbon
removal is suppressed in an oxidizing atmosphere.

After a microscopic investigation using the SEM, most coupons exposed to
nitrogen plasmas had a continuously smooth SiC fiber surface like the virgin coupons. A
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few fibers did display signs of surface damage in the form of large pits and thinning fiber
diameter. A SEM image of a damaged area can be seen in Figure 48. At these rare
damaged locations on the surface, EDS has detected nitrogen incorporation on the fiber
surface which has also been observed by Shimoo [105]. It is uncertain if the nucleation
of damage is due to manufacturing imperfections or contamination by particulates within
the weave architecture.

Figure 48: a) SEM image of the sample post pure nitrogen plasma exposure and b) EDS results on
the surface showing signs of oxy-nitridation

Besides the gas/surface interactions leading to rare locations of fiber damage and
removal of surface coatings, microstructural changes within the fibers from the high
temperatures and radiation from excited gas species is another possible reason for the
50% fiber strength reduction in a 100% nitrogen plasma. Thermal decomposition of the
amorphous silicon oxycarbide phase is commonly reported to significantly weaken nonstoichiometric SiC fibers [106]. Strength loss due to thermal decomposition can occur
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through the coalescence and coarsening of the fine β-SiC grains [106], leading to
structural defects such as dislocation and stacking faults [102]. Silicon depletion
observable in Figure 23 of Chapter 5 could also render the fibers porous [98] leading to
fiber strength losses of up to 20% [8].

7.5.2. Oxygen Plasma Morphology
As described in Chapter 5, SiC fabrics exposed to oxygen containing plasmas
undergo a dramatic morphology evolution that is not uniform throughout the weave
architecture. The combination of abundant atomic oxygen and high surface area for the
SiC fabrics was determined to be the cause of the rapid silica formation. Any potential
gain in strength due the sealing of flaws by the silica coating on the surface [102] appears
to be negligible.

The newly formed silicon dioxide layer led to an increase in fabric stiffness and
brittleness that increased with temperature and duration of exposure. This decrease in
fabric flexibility has also been observed by Sawko at temperatures above 500°C in a
static heating condition [27]. Significant stiffness is caused by inter-filament adhesion
within the tows by the formation of silica. A SEM image of the broken cross sections for
a post nitrogen plasma test sample compared to the post air plasma test sample can be
seen in Figure 49.
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Figure 49: Post tensile test cross sections after exposure to a) a pure nitrogen plasma b) and an air
plasma

No signs of fracture origin could be distinguished after plasma exposure.
Significant SiO2 formation can be seen in Figure 49 for the air case at an exposure time
of 240 seconds. After the initial formation phase there is very little variation in the
observable silica volume within the weave architecture for the plasma test durations of
this investigation. Although, macroscopic observations of the continuous surface
iridescence change, increasing stiffness, and coupon removal difficulty suggest further
fusion of warp and weave tows by the viscous flow of silica.

Under tensile stress, fiber break after oxidation is typically due to brittle fracture
arising from the rapid propagation of a critical flaw [103]. Therefore, it is expected that
microstructural defects in the oxide layer act as nucleation points leading to a greater
strength reduction in oxidizing plasmas. Figure 50 shows the flawed nature of the oxide
layer at the location of a ruptured bubble. This bubble formation increases with
temperature and time which demonstrates the limited protective nature of the silica.
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Figure 50: a) SEM image of the oxidized surface morphology and b) EDS results on the oxidized
surface

Isolated cracks in the highly oxidized sample can also be observed. The cause of
the cracks is uncertain, and it is possible that they may arise following plasma exposure
during sample removal. They can also result during cool-down from a thermal expansion
coefficient mismatch between SiO2 and SiC, or between different SiO2 crystalline
structures [98].

It is important to note that the strength controlling effects caused by the brittleness
of the silica and fabric stiffness displayed by the cooled samples may not be relevant to
flight applications when the silica is viscous. The influence of the cooled silica layer was
measured by Shimoo [98], after comparisons between oxidized samples with and without
the silica layer [98]. It was shown that critical flaws within the silica layer act
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detrimentally on the strength of the fiber [98]. However, the continued strength reduction
for relatively constant oxide layer thicknesses after 30 seconds suggests microstructural
changes are still taking place within the fiber. Thermal decomposition and continuous
bubble formation caused by the continuous attack of oxygen on the SiC fiber would still
be expected during flight.

7.6. Influence of Oxygen Concentration
Oxygen partial pressure has been shown to be one of the dominating factors in
the oxidative strength reduction of Hi-Nicalon fibers [106]. The relationship between
fracture strength and the ICP torch oxygen flow rate can be seen in Figure 51.
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Figure 51: Fracture strength vs oxygen partial pressure for varying exposure times

To better understand the influence of oxygen concentration on fracture strength,
the data are presented for each plasma condition at constant exposure times. The initial
strength decrease at an oxygen partial pressure of 11 torr suggests a limited oxygen
availability due to the strong time dependence. The strength continues to decrease with
increasing oxygen concentration until the full air condition of 32 torr where the strength
then increases for the full oxygen case. Even though there is no significant difference
between the air case and the full oxygen case within the margin of error, a slightly
stronger trend is still observable in the full oxygen case. It is believed that the cause of
the inflection is due to the maximized combination of thermal decomposition and
strength reducing flaws. The higher availability of oxygen atoms in the pure oxygen test
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case may provide a more protective SiO2 film that better restricts the removal of species
that originate from the unstable silicon oxycarbide phase [98]. This phenomena can be
seen in Figure 23 of Chapter 5 by the lack of carbon and silicon bearing species emission
above the sample surface in an oxidizing plasma. Although, it is also possible that the
50°C lower steady state surface temperature recorded by the 2 color pyrometer on the
pure oxygen sample could be the cause for this increase in tensile strength.

One significant strength controlling feature that was not observed in the
dissociated plasma flow was a highly destructive “active oxidation” regime at extremely
low oxygen partial pressures. This regime has commonly been obtained using molecular
oxygen at oxygen concentrations too low to form a protective silica layer [106]. In the
ICP torch, the probability of temperature flares leading to visually observable failure
locations actually increases with oxygen concentration. It is probable that a minimum
oxygen partial pressure for silica formation exists but none was detected at the operating
conditions used in this test campaign. Any attempt to add oxygen to a steady nitrogen
plasma always led to a passive silica coating or a form of oxy-nitridation.

7.7. Influence of Temperature
Along with oxygen concentration, temperature has been shown to be another
dominating factor in the strength reduction Hi-Nicalon fibers [97]. ICP tests were
performed at an oxygen volume flow rate of 10 slpm for two minutes. Admixtures with
argon were used instead of nitrogen to broaden the achievable surface temperatures while
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maintaining a similar oxygen gas flow rate as an air plasma. The heat flux ranged from
26 to 107 W/cm2 which is coupled with a change in gas chemistry. Whereas, the degree
of dissociation of O2 increases with heat flux until relatively high plasma temperatures
when the molecular oxygen is fully dissociated at the test location. The complete
operating conditions for the strength vs temperature tests can be seen in Table 7.

Table 7: Operating flow rates, chamber pressure and powers for the strength vs
temperature tests. *calculated for specific coupon exposure diameter

The achievable surface temperatures were bounded by the minimum sustaining
power of the ICP torch and the high probability of catastrophic failure at higher heat
fluxes. Therefore, no analysis on the trends at lower or higher temperatures could made.

The sub ply peak temperature for the softest condition test was anchored at 726°C
using thermocouple data placed between the leading and sub ply. The sub ply data for
conditions above the usable limits of the thermocouples were plotted at an estimated
temperature of 110°C below the lead ply pyrometer measurement at 120 sec. Due to the
inability to accurately measure the SiC surface temperatures below 1200°C using the
pyrometer in 2 color mode, 1 color mode was used with an emissivity set at 0.6. Larger
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error bars are presented to compensate for the limited reliability of the combined
thermocouple and pyrometer data techniques.

Figure 52: Fracture strength vs temperature plot showing results for both the lead and sub ply

Incorporating the coupled increase in dissociation fraction with temperature,
Figure 52 shows the significant influence of temperature on the strength reduction of HiNicalon coupons after 120 second exposure times. Samples show a continuous fracture
strength decrease until a lead ply maximum peak temperature of 1533°C. Significant
differences are observable in the tensile strength for different ply locations depending on
the temperature. The offset between the lead and sub plies for similar temperatures
confirms the existence of strength controlling gas-surface interactions. Whereas less
atomic species are expected to penetrate deeper within the weave architecture. Therefore,
the strength decrease of the coupons is not purely temperature dependent. Aerodynamic
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shear, pressure and diffusion limitations are all expected to play a role in the greater
strength reduction on the lead ply. These strength differences between ply locations exist
until temperatures above 1400°C, whereas the tensile strengths overlap for similar
coupon temperatures. At these extreme temperatures, any signs of protection of the sub
ply provided by the leading ply are not observable.
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CHAPTER 8: PROPAGATION OF EXOTHERMIC OXIDATION REACTIONS
LEADING TO CATASTROPHIC FAILURE OF SIC FLEXIBLE TPS
8.1. Introduction
Oxidation has been shown to be damaging to the rough, high surface area SiC
fabrics. The duration of flight is limited by the complete consumption of the SiC fibers
whereas the rate of consumption will increase with increasing surface area [73][107].
Mechanical loads are limited by the brittle transition of the fibers when exposed to
oxidizing environments which could also cause failure of the fabric. Another failure
mechanism was observed when the fibers were pushed beyond their maximum survivable
conditions leading to catastrophic destruction which occurred rapidly without warning.
Further investigation into this phenomena was carried out in order to determine the cause
and quantify the conditions that led to this catastrophic failure.

8.2. Experimental Conditions
The experimental conditions were mapped at varying heat fluxes which ranged
from 44 to 80 W/cm2. Different gas compositions were used in order to isolate specific
chemical reaction pathways and analyze their influence on the failure mechanisms.
Throughout the duration of each test, input power, flow rates and pressure of 160 torr all
remained constant. The operating conditions used in this test campaign are presented in
the following table.

127

Table 8: Operating flow rates, chamber pressure and powers for the failure tests.
*calculated for specific coupon exposure diameter

8.3. Catastrophic Failure in Oxidizing Plasmas
8.3.1. Temperature Flares
During aerothermal tests between 60 W/cm2 and 80 W/cm2 small fiber flares were
occasionally observed on the coupon surface which sometimes led to catastrophic failure
of the entire coupon. This rapid destruction was easily identifiable by the presence of
strong emission flares within the visible range or as sharp spikes in the temperature
measurements. The following plot displays the pyrometer measurement of failed
samples.

128

Figure 53: Pyrometer measurement of the SiC surface for different gas compositions

The temperature spikes were observed in pure oxygen plasmas, pure nitrogen
plasmas and variable gas mixtures. Low probabilities of failure have been observed at
surface temperatures as low as 1250°C in pure nitrogen and oxygen plasmas. Although,
the probability of failure increased with increasing temperature or increasing oxygen
concentration. Coupon exposure to heat fluxes above 80 W/cm2 almost always led to a
catastrophic failure for any test gas composition.

The existence of a large transitional regime where not all samples survived
suggests inconsistency between the test samples. Even though, nucleation points leading
to the catastrophic failure are extremely hard to predict, possible initiation could arise
from manufacturing imperfections or by contamination from particulates within the
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weave architecture. Gashes in the weave architecture can also act as nucleation points.
Furthermore, SiC fabrics were not hermetically sealed from the insulators located on the
backside therefore pyrolyzing gases could propagate out through the leading surface and
interfere with the gas surface interactions.

The temperature spikes were easily detectable using the pyrometer in 1 and 2
color mode. Although, the drastically changing morphology and the very short duration
at which the flare crosses within the pyrometer collection envelope, creates uncertainty
in the temperature measurement. In order to strengthen confidence of the increase in
temperature during the flare, two type K thermocouples were placed in the fabric weave.
The following plot shows the thermocouple and pyrometer data during a nitrogen flare.
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Figure 54: Plot of simultaneous pyrometer and thermocouple measurements during a flare in a
nitrogen plasma

It can be seen that the thermocouple was able to detect the temperature rise due
to the flare. One thing to notice is the localized failure was detected more significantly
with the thermocouple located between the sub ply and the SiC backing piece. This
agrees with the post-test analysis showing that the major signs of failure occurred over
that thermocouple.

It is interesting to note that the failure probabilities are increased when
thermocouples are placed within the weave. Additional impurities due to the braided fiber
glass sheathing and the potentially higher catalycity of the metal thermocouples could
also act as nucleating points within the weave [26]. Although the higher probability of
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failure is most likely due to the grounding of the probe used to make thermocouple
measurements which helps to limit noise in the thermocouple data for certain materials.
Therefore, the material performance could have been severely altered due to the electrical
conduction path through the sting arm which can enhance charged particle reactions by
cathodization [54].

8.3.2. Propagation of Flares
Video recordings of the coupon surface allowed visual analysis of the failure
mechanism. In the case of oxidizing plasmas, the surface flares propagated in straight
lines along the tows of the fabric weave, in both the warp and weft directions. The
following figure is a photo of the flare.

Figure 55: Propagation of a surface flare during air plasma testing
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Three flares occurring simultaneously can be seen by the small localized bright
white spots. The black arrows represent the propagation directions. The white area
around the flare signifies a thick silica layer on the surface. The average velocity of
propagating flares in oxygen containing plasmas was approximately 1 mm/s.

The existence of the flare could also be seen after visual inspection of the posttest coupon surface by the destruction paths. The following photo shows the leading
surface of a sample that displayed the temperature spike in an air plasma.

Figure 56: Coupon image of failed sample after less than 10 minutes of air plasma exposure

133

It can be seen that the propagation of the flare was typically constricted to the
individual tow and continued along the fiber direction in agreement with the in-situ
imaging. Occasional jogs in the propagation direction occurred, but no preferred
direction between the warp and weft was observed when comparing multiple failed
samples.

During this catastrophic failure, entire coupon tows of 500 filaments were
consumed in matters of seconds. This is orders of magnitude higher than the oxidation
consumption rate at similar conditions that did not undergo catastrophic failure.
Oxidation in conventional ovens leading to direct SiC removal without the formation of
a silica layer has been shown to lead to high material removal rates but nothing to the
degree seen during catastrophic failure in an aerothermal environment.

Even though pure oxygen plasmas lead to a higher probability of failure, the
existence of surface flares didn’t lead to as severe destruction compared to air tests at
similar heat fluxes. The following photo is a post 100% oxygen plasma test sample.
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Figure 57: a) Photo and b) SEM image of a SiC coupon after failure in a pure oxygen plasma

It can be seen that the longer flares were only the width of a few tows, therefore
the destructive nature of the flares was much less intense. It is expected that the high
availability of oxygen in pure plasmas leads to a more rapid formation of SiO2, whereas
a silica film could provide protection from the impinging gas species [98].

8.3.3. Failure Surface Morphology
The catastrophic failure phenomena appears to be unique to aerothermal testing
but is not unique to SiC fibers with its high surface area and inherent silicon oxycarbide
phase. No reports of temperature spikes, extremely high erosion rates, or visually evident
light emission have been found after conventional furnace testing at similar temperatures.
Although, similar observations have been documented during aerothermal testing of bulk
SiC, CMCs and other ultra-high temperature ceramics with SiC additives. [28, 30, 34,
37, 39, 77, 44-46]. Whereas, the only major difference being the duration of the observed
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temperature jump, which is much shorter for fabrics due to fact that the thin fibers are
completely consumed as the flare propagates.

Uncertainties exist over the necessity of silica removal in order to observe the
temperature jump. Other researchers typically initiate the temperature jump by operating
at conditions well above the stable point of silica, leaving a bare SiC surface after the
test. In contrast, during this study, the flares were observed at the same operating
conditions that led to a thick silica layer. These results show that the silica can suppress
the damage of the flares but the removal of the silica layer is not necessarily a prerequisite
to the temperature spike. Therefore the temperature spike can actually accelerate the
silica removal process [77] while depositing more silica in other locations. The following
photo was taken with a Keyence digital microscope and shows the viscous nature of the
oxide layer that coats the entire SiC surface.
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Figure 58: Post air plasma test surface image taken near a flare showing a thick amorphous silica
layer

The Keyence microscope allows large bubbles to be observed due to the clear
glassy nature of the amorphous silica layer. The presence of a thick silica layer was
observable after failure in all oxygen containing plasmas and did not appear to depend
strongly on the oxygen partial pressure. Besides bubbles, locations of irregular structures
could be seen inside the silica layer. Mixtures consisting of amorphous SiO2 and
cristobalite are not uncommon and have been seen by Feigl during aerothermal testing
[34]. Therefore these irregularities are expected to be crystallization of the silica layer
although the possibility of N-atom or impurity incorporation into the oxide cannot be
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ruled out without further analysis. Figure 59 is another photo at a different location
around the flare path where this likely crystallization is more obvious.

Figure 59: Keyence microscope image taken near a flare after air plasma testing showing possible
crystalline features

Due to the suspected formation of cristobalite at relatively higher temperatures in
oxygen containing atmospheres [5], it is expected to be a product of the flare and not a
nucleation point. Although severe cracks and irregularities due to the formation of
cristobalite, have been reported to provide higher permeability than amorphous silica
[98].
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8.3.4. Failure In-Depth Morphology
Even though most flares propagated along the surface tow of the weave
architecture, flares also tended to stop in one location and burrow into the surface. The
following digital microscope photo shows the thick silica on the lead side and the
consumed fiber ends within the weave.

Figure 60: Keyence image of a location of catastrophic failure showing worm holes typical of
failure in oxidizing plasmas

The highly viscous nature of the silica at the tested conditions can be seen around
the surface of the hole. One very interesting feature is the ability to see pointed fibers
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through the silica layer coating which confirms that the flare incorporates a gas-surface
interaction.

The existence of these worm holes into the weave is interesting because the local
temperature, oxygen concentration, and flow velocity are expected to decrease into the
weave architecture. Therefore, if all of the SiC fabric heating occurs on the leading
surface, another mechanism must be operating in parallel with the plasma heating in order
for the flare to penetrate straight into the surface.

It is believed that the decreasing oxygen concentration gradient into the weave
architecture is the reason for the burrowing of the flare. Simultaneously to a diffusion
limited oxygen infiltration, CO generation from oxidation reactions with SiC may also
contribute to lowering the oxygen partial pressure [106] deeper within the weave
architecture. Further analysis within the weave provides evidence of a low oxygen
pressure which may subsequently cause SiO gas to be the dominant oxide phase and limit
the formation of a protective SiO2 layer.

The back side of the oxidized lead ply coupons displayed a white discoloration
around the holes through the weave. A SEM image of this region can be seen in the
following figure.
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Figure 61: SEM image of hairs observed on the SiC coupon back side near a worm hole

The surface morphology is in the form of hairs which have only been observed in
protected locations on the sample back side. EDS analysis results taken on the hairs is
consistent with a silica composition. The formation of this non-passive oxide
morphology comprised of long hairs has been seen others in static heating facilities [108]
and most likely forms through the same phenomena. This is due to the protection from
shear and direct gas phase bombardment within the thermal boundary layer that is
provided by the leading weave architecture. The model used to describe the process
leading to the hairs [108] is illustrated in Figure 62.
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Figure 613: Illustration of hair formation [Hinze and Graham concept]

The low oxygen concentration within the weave causes SiO to be the major
silicon-oxide phase near the fiber surface. The hairs are expected to grow from further
oxidation of SiO gas and subsequent condensation at locations of higher oxygen
concentrations. This would naturally cause the silica formation to occur at the silica/gas
boundary not at the SiC/silica boundary. Any SiO that doesn’t deposit as hairs would be
swept thought the weave and be responsible for the thick amorphous silica layer around
the flare location.

Besides the hairs, another very interesting surface was observed on the back side
of the coupon around the flare location and is shown in the following figures.
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Figure 63: SEM images of interesting conglomerates observed on the SiC coupon back side

The fiber diameter almost doubled due to the oxide growth. EDS was used to
determine the surface contained silicon, oxygen and carbon. Its close proximity to the
silica hairs suggest that the unique surface morphology arises from consolidation of
thickening hairs.

8.4. Oxidation Reaction Products
8.4.1. Emission Spectroscopy Measurements
It is expected that the majority of the SiC removal occurred either through species
transport downstream in the gas phase or a rapid conversion into SiO2. The emission
spectrometer was used to monitor the gas phase within the thermal boundary layer. The
recorded intensity vs wavelength during a flare for different oxygen concentrations can
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be seen in Figure 64. For all cases the integration time was set at 10 seconds. All data
was scaled and shifted to fit on the same plot.

Figure 64: Scaled and shifted emission for different gas compositions

Flares for all oxygen containing plasmas show SiO and traces of SiO2 but pure
oxygen containing plasmas show no sign of Si. This is most likely due to the high
availability of O-atoms. Even though carbon is expected to be transported away from the
destroyed region, CO or C2 was not observed during the flares in oxidizing plasmas. A
small increase in emission at 385 nm can be seen in the air plasma and is suspected to be
the broadened CN feature. Evidence of N2 2+ can also be seen in the air plasma.
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The trace SiO2 observed in the gas phase could possibly be formed by the addition
of oxygen to SiO gas or may be ejected from the surface. Subsequent dissociation of SiO2
in the hot boundary layer into SiO and O is also possible.

8.4.2. Exothermic Reactions on the Gas / Surface Boundary
Many possible reasons for the temperature jump and extremely high material
removal rate have been suggested by other authors. Due to the fact that the flares occur
at constant conditions, most authors agree that a change in the catalycity, reactivity or
emissivity is required to initiate the increase in the equilibrium temperature. A
combination of changes to these material properties could lead to higher surface
temperatures without an increase of free stream enthalpy.

Previous testing has shown that the emissivity change between an oxidized and
an unoxidized surface could only account for a maximum of 100°C temperature change
and occurred on a much longer time scale. Also, the emissivity increased during silica
formation which led to lower measured temperatures. Therefore the cause of the
temperature spike would be expected to be either an artifact of an increase in catalytic
efficiency or reactions involving SiC and the high enthalpy dissociated gases within the
thermal boundary layer.

Highly exothermic reactions that can completely consume the 500 filament tows
in seconds is expected to be the leading cause of the higher thermal equilibriums in
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oxidizing plasmas. Research on self-sustaining gas-solid combustion has shown that
diffusion controlled combustion leading to steady state exothermic reaction propagation
is possible. Whereas, a high surface area to volume ratio can significantly increase the
combustion rate [109]. It has been shown that once the specific ignition temperature and
conditions are reached, a heat wave will propagate at a constant rate but may still require
an external addition of energy to sustain weakly exothermic reactions [109]. This type of
self-sustaining reaction is very similar to the propagation of the flares observed on the
video recording in oxidizing plasmas.

The removal of Si through sublimation out of the SiC lattice has been suggested
to cause the rapid material removal [30]. This is in agreement with the fact that the rapid
SiC consumption occurs in both oxygen and nitrogen plasmas and is independent of the
oxidation state. Although if thermal decomposition of SiC was the only cause of the
propagating failure, similar microstructural changes and failure mechanisms would be
expected to occur in conventional ovens at similar temperatures. Whereas, the high O2
reactivity, which has been shown to surpass the reactivity of O-atom around these
temperatures [21], would be expected to lead to a just as rapid material degradation in
molecular heating environments. No reports of mass loss at this magnitude and speed
using more conventional furnaces have been found. Therefore, the reaction must still
require the presence of highly reactive atomic species.
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The existence of the reaction zone occurring at the gas surface boundary is
confirmed by the incorporation of oxygen onto the surface as well as the points formed
on the SiC fibers as seen in the following figure.

Figure 65: SEM image of fiber points that form after failure in an oxidizing plasma

This figure was taken near a destroyed hole through the weave. It shows both the
points on the fibers and SiO2 spheres which arise as a reaction product.

8.4.3. Reaction Product Tracking
Even if the higher equilibrium temperature during the flare is a result of highly
exothermic chemical reactions that must occur between the gas phase and the SiC
surface, the influence of each potential reaction pathway is still uncertain. These gassurface interactions that occur only during the flare must either have a higher reaction
rate, higher exothermicity, higher energy accommodation coefficient, or a combination.
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In order to determine the potential changes in the gas-surface interactions, the
emission spectrometer was used to track SiO within the gas phase. Figure 66 tracks the
emission intensity vs time over the sample exposed to a pure oxygen plasma. The
wavelengths of the features tracked are labeled on the plot. The slight offset between the
flare features in the emission and pyrometer data is due to the 10 second integration time
used to collect the emission. The pyrometer and spectrometer detection region are smaller
than the exposed coupon area therefore the temperature and emission spikes represent
the flares that propagated through the respective collection envelope. The dotted lines
between each data point are visual guides only and don’t signify actual values.

Figure 66: SiO tracking at two different wavelengths in an oxygen plasma
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The emission signal for each SiO feature was scaled between 0 and 1. At these
conditions the molecular oxygen is highly dissociated. The large spike in SiO can only
be seen around the region of the temperature spike. These results suggest that a possible
exothermic gas surface reaction pathway for the higher equilibrium temperature in pure
oxygen plasmas includes;

𝑆𝑖𝐶 + 2𝑂 ↔ 𝑆𝑖𝑂 + 𝐶𝑂

eq. 25

This reaction pathway is expected to occur throughout the duration of the plasma
exposure but have a drastically increased reaction rate during the flare. It should be noted
that the formation of SiO gas can occur in conditions leading to an oxide coating or a
bare SiC surface. Therefore this is consistent with the findings of others that have
observed temperature jumps resulting in a bare SiC surface.

Specific to the conditions tested in this study, the flare propagation in oxygen
plasmas would also have the reaction requiring the removal of silica which could occur
through dissociative removal or through the following equilibrium.

𝑆𝑖𝑂2 (𝑠) ↔ 𝑆𝑖𝑂2 (𝑔)
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eq. 26

These endothermic reactions will suppress the temperature spike by both
removing heat from the surface as well as limiting the diffusion of oxygen to the SiC
surface.

Besides the oxidation reactions with SiC, an increase of the catalytic
recombination efficiency may simultaneously be the culprit for the temperature jump [37,
39, 77, 78]. It is possible that a higher percentage of the total heat flux transferred to the
surface could be dominated by gas-surface interactions with a higher reaction rate and
not necessarily a greater accommodation coefficient or exothermicity. If the thermal
spike was due to an increase in the catalytic efficiency, oxygen atoms will be consumed
through the following equation.

𝑂 + 𝑂 + 𝑠 ↔ 𝑂2 + 𝑠

eq. 27

Where s is a surface reaction site. However the spectrometer couldn’t detect any
signs of catalytic production of O2. O-atom was easily observable but no statistically
significant change in the O-atom signal was observed over the surface for the duration of
the test. Any O-atom tracking would be difficult to analyze due to the simultaneous
complex reactions leading to consumption through catalysis and oxidation as well as
production from decomposition of SiO2. Although, whatever the reaction pathways are,
the combined output of all gas surface reactions must have a net increase in energy
deposition into the surface.
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8.5. Catastrophic Failure in Nitrogen Plasmas
Pure nitrogen plasmas were used to investigate the necessity of oxygen on the
catastrophic failure mechanism. Remarkably, obvious flares in nitrogen plasmas have
shown that atomic oxygen originating from the plasma is not essential to observe a
temperature spike. This shows how oxygen atoms and nitrogen atoms can attack the
surface leading to highly detrimental consequences.

Although, macroscopic

observations depict a dramatic difference between the oxidized Hi-Nicalon samples and
samples that were only exposed to pure nitrogen plasmas. Figure 64 compares the flares
in oxygen plasmas to the emission spectra from flares in a nitrogen plasma and also shows
a dramatic difference between the gaseous products during the flare. It can be seen that
failure emission in nitrogen displays N2, Si and CN.

Even though nitrogen plasmas are expected to have very different reaction
pathways, SiC fabric fails above temperatures of 1200°C in oxygen and nitrogen. This
suggests that the initiation of the flare has a similar activation energy independent of the
reaction pathway with either nitrogen or oxygen. Comparing the temperature data
presented previously in Figure 53, it can be seen that in oxygen containing plasmas the
spike is usually very rapid and travels through the pyrometer view relatively quickly
while the nitrogen flare is more sustained.
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8.5.1. Failure Surface Morphology
In-situ visual analysis of nitrogen flares depicts both a larger flare area and a
slower propagation speed. A macroscopic image of the coupon destroyed in the nitrogen
plasma leads to a large surface area degradation.

Figure 67: Photograph of destroyed coupon after less than 10 minutes of nitrogen plasma exposure

Even though the large destruction area is contiguous, this is much different than
the oxygen case where the flares propagated along the fiber. The SEM was used to
analyze the post failure surface. The following photos show the severely damaged fibers
and a large area destruction.
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Figure 68: SEM image of the SiC coupon surface after destruction in a nitrogen plasma taken at a)
30 X and b) 170 X

The destruction area is comprised of material build up in the form of tiny nodules
causing the interlocking of individual fibers. The nodule conglomerates are larger than
the 14 µm diameter of the fiber, suggesting the failure mechanism is not solely due to a
thermochemical driven consumption of the SiC fibers. A more detailed image of these
nodules can be seen in the following SEM images.

Figure 69: SEM image of nodules observed after failure in a nitrogen plasma
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It can be seen that the nodules are not smooth at 1900x but appear jagged and
sharp. A survived fiber underneath the nodules can also be seen. This surface morphology
was only observed in pure nitrogen plasmas. EDS was used to determine the Si-O-N
surface composition of the nodules which confirms the addition of nitrogen from the gas
phase.

Figure 70: EDS results of the SiC coupon surface after catstrohic failure in a nitrogen plasma

The EDS analysis suggests oxynitridation reactions between existing SiC and
nitrogen in the gas phase. It is possible that the release of oxygen from the silicon
oxycarbide phase aids in the catastrophic failure. This thermal instability of the Si-O-C
bonds can limit the maximum use temperature, whereas the relatively strong covalent
bond between silicon and carbon requires a much higher temperature to decompose [5].
This has been confirmed Sacks using near stoichiometric fibers which can retain their
strength up 1950°C in molecular nitrogen [95].
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The presence of oxygen may not solely arise from the silicon oxycarbide phase
but be an artifact of an oxygen impurity from the surrounding environment. Oxygen may
also be available as a thin naturally occurring oxide film [47], whereas, the higher the
fiber surface area to volume ratio, the higher the silica % per fabric mass. Any, residual
silica layers clearly visible on the coupon holder after flares in oxygen containing
plasmas may also contribute to the oxygen availability.

8.5.2. Exothermic Reactions in Nitrogen Plasmas
Just like the oxygen flares, species from the plasma flow were incorporated into
the SiC surface as well as ejected from the surface into the boundary layer during flares
in a nitrogen plasma. Therefore it is expected that heating occurs on the surface through
the following reaction:

𝑁 + 𝑆𝑖𝐶 ↔ 𝑆𝑖 + 𝐶𝑁

eq. 28

This reaction pathway is in agreement with the Si and CN emission observed with
the emission spectrometer. Although, the ability to detect molecular nitrogen provides
additional insight into the temperature spike. The following plot tracks the intensity of
the N2 2+ species with time in a nitrogen/argon plasma using a 0.5 second integration
time.
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Figure 71: Plot of N2 2+ production during a sustained flare

It can be seen that N2 spiked during the flare and then trailed off. As described in
the oxygen case, the increase in the equilibrium temperature may not solely be linked to
the high material removal rate. The fact that N2 increases during the flare suggests that
there is a dramatic increase in the nitrogen catalytic efficiency which proceeds through
the following reaction:

𝑁 + 𝑁 + 𝑠 ↔ 𝑁2 + 𝑠

eq. 29

It is interesting to note that the increase in N2 production only occurs during
failure but not after, suggesting that it is not purely the irregular post flare surface
morphology. The increased N2 production could possibly be an artifact of the higher
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surface temperatures, or due to the transition from SiC to the Si-O-N surface. This
conclusion of an increase in nitrogen catalytic efficiency and simultaneous oxidation
reactions is in agreement with results from Herdrich who observed a 400°C temperature
jump in air plasma but only a 200°C temperature jump in oxygen plasma [39].
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CHAPTER 9: MATERIAL RESPONSE OF SILICON CARBIDE FLEXIBLE
TPS DURING A SIMULATED MARS ENTRY
9.1. Introduction
Radical changes to the Mars Science Laboratory Entry Descent and Landing
architecture are essential in order to carry out future human scale Mars missions due to
the increased payload and safety requirements [110]. Besides the EDL challenges from
the lower density and thinner atmosphere of Mars [111], the chemical composition of the
atmosphere could be more damaging and limit the performance of the flexible thermal
protection system.

Inflatable Aerodynamic Decelerators have proven to be an enabling technology
through successful flight tests within the Earth’s atmosphere [20]. Although, the viability
of two-dimensional woven silicon carbide fabric when used as a flexible thermal
protection material depends on the entry trajectory as well as the chemical composition
of the atmosphere. Therefore, even if the heat rate, heat load, dynamic pressure and
deceleration are all accounted for, uncertainties arise if flight results gained within the
Earth’s atmosphere are extrapolated to a Martian atmosphere. This chapter describes the
material response of the SiC fabric when exposed to a CO2 plasma.

9.2. Experimental Conditions
The majority of the Martian atmosphere is composed of carbon dioxide with small
amounts of argon, nitrogen and other minor species [112]. Due to the dissociation of
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gases across the bow shock of an entry vehicle, the gas species impinging on the TPS
surface for Martian entry may include CO2, CO, O, O2, N2, NO and traces of N, CN and
C. Whereas the majority of the impinging gas species during hypersonic flight within
earth atmosphere is expected to be N2, N, O2 and O.

Even though, the ICP torch can simulate the Martian atmosphere with a CO2 – Ar
- N2 gas mixture, the gas composition was idealized in this study by using only
compressed CO2 gas. Any impurities and solid particulates typical of the mars
atmosphere [111] were also ignored.

Images of the CO2 and air testing are shown in the following figure along with a
diagram of the coupon holder and diagnostic configuration.
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Figure 72: Photos of SiC coupon exposure to an air and CO 2 plasma. An illustration of the sample
holder (right) and diagnostic configuration (left) are also shown

It can be seen that the experimental configuration is the same as used in the air
plasma test. The following table shows the experimental conditions and operating
parameters of the ICP torch during simulation of an Earth and Mars entry.

160

Table 9: Operating conditions for the three CO2 test cases used in this study. The air
plasma test condition is also summarized

CO2 Plasma
Test Gas
Plasma Composition
Flow Velocity (m/s)
Static Pressure (torr)
Dynamic Pressure (torr)
Duration (s)
Operating Frequency (MHz)
Heat Flux (W/cm2)
Plate Amperage (amps)
Power (kW)
Volume flow rate (slpm)

Air Plasma

Carbon Dioxide
CO2 , CO, O, C
>130
160
2.5±.5
30 - 600
2.5
50 ±5
2.5
13
25

60 ±5
2.6
14
28

Air
N2 , N, O2, O
>130
160
2.5±.5
30 - 600
2.5
70 ±5
3
17
28

80 ±5
2.5
14
40

Experiments were performed at heat fluxes ranging from 50 to 70+ W/cm2.
Except for the specified emission tests, flow rates were held constant for the entire
duration using individual mass flow controllers.

The following plot shows 4 minute temperature profiles for the samples exposed
to air and CO2 conditions that did not lead to catastrophic failure.
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Figure 73: Temperature profiles for CO2 plasma tests compared to a survived sample in an air
plasma

The steady state surface temperatures achieved during this investigation ranged
between 1100°C and 1500°C. At higher heating conditions within this temperature range,
flares on the coupon surface were commonly observed in CO2 plasmas, which are the
source of the spikes in temperature.

For each CO2 plasma conditions tested, many plasma flow characteristics also
change when the heat flux is changed. A complex variation of convective and radiative
heating, gas dissociation fraction and flow dynamics, all change with power, chamber
pressure, and axial location of the sample in the plasma stream. Whereas, an increased
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dissociation fraction of the test gas can lead to significantly enhanced oxidation rates
[35].

Assuming local thermodynamic equilibrium within the CO2 plasma free stream,
the gas properties library called MUTATION was used to provide the species mole
fraction expected during the ICP Torch operation [17]. Computational results for a
temperature range between 600 and 10,000K at 160 torr can be seen in the following
figure.

Figure 74: Plot of mole fraction vs temperature in a CO 2 plasma at 160 torr [courtesy A. Lutz]
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As seen in Figure 74, the degree of dissociation of CO2 increases with increasing
temperature. For the operating conditions of this study, the free stream gas temperature
was determined to range around 3500 to 6000°C using laser induced florescence [15].
For this temperature range, CO2 is expected to be dissociated into O-atom and CO,
leaving only trace amounts of CO2 at the lower heat flux conditions. For the 50-60 W/cm2
test cases, the dissociation of CO and further ionization is expected to be small, therefore
the concentration of C-atom in the plasma free stream is assumed to be negligible.

9.3. Influence of CO2 Plasma Environments on Oxidation
9.3.1. Silica Layer (50 W/cm2)
Besides the low probability of flares, the material response was easily predictable
for all air plasmas as well as any other tested N2/O2 gas ratio. This includes 100% oxygen
tests. For relatively short durations at surface temperatures between 1000°C and 1400°C,
all SiC coupons exposed to air plasmas displayed a colorful iridescence due to the silica
layer that formed on the surface. Along with silica formation, the post test samples also
underwent a significant decrease in flexibility. In contrast, coupon exposure to the CO2
plasma for each heat flux tested led to a visually diverse range of macro and microscopic
surfaces properties that were very sensitive to the operating conditions making them hard
to predict. The morphologies of post test samples varied with time, temperature and
location within the weave. For some CO2 operating conditions, a colorful iridescence was
easily observable on the samples similar to oxidation in an air plasma. Post 50 W/cm2
CO2 plasma tests samples can be seen in the following photos.
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Figure 75: Photographs of the SiC coupon surface after a 50 W/cm2 CO2 plasma exposure for
increasing durations

At these CO2 plasmas conditions only slight differences were observable when
comparisons were made to N2/O2 plasma results at similar temperatures. These minor
differences could be seen using a low magnification optical microscope. Some CO2
oxidized samples at test durations less than 2 minutes appeared to have silica particulates
the size of grains of sand on the surface. Small spheres have also been reported by Balat
using CO2 [113]. At longer durations, thicker silica layers developed similar to air
plasmas but discolored spots around 5 µm could be observed. These discolored spots are
believed to be linked to the small spheres observed on the surface at shorter durations.

9.3.2. Flexible Carbon Layer (60 W/cm2)
Higher heat fluxes were obtained by slightly increasing the power and decreasing
the gas flow rate. At these new conditions a dramatic structural, elemental and
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morphological changed occurred in the surface layer. Some of these differences can be
seen in the following figure using a standard camera.

Figure 76: Photographs of the SiC coupon surface after a 60 W/cm2 CO2 plasma exposure for
increasing durations

Photographs of the surface don’t show the iridescence of a thin amorphous silica
film that is typical after 1 minute in air plasmas, but rather a much darker taupe/black
discoloration. Along with these visual differences, post CO2 plasma samples were also
much more flexible compared to the highly brittle air oxidized samples.

Silica layers too thick to display the surface iridescence and carbon deposits can
both lead to near black surfaces therefore a SEM equipped with EDS was used to analyze
the surface. The cross section of the fractured sample is presented in the following figure.
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Figure 77: SEM image and EDS results of the SiC coupon after 60 W/cm2 CO2 plasma exposure
for 4 minutes

It can be seen that the surface layer shows signs of ductile failure which is most
likely the reason for the flexible nature of the samples that were oxidized at these CO2
conditions. EDS results determined the oxide layer to be composed of a C, O, Si, and N.
However, EDS can only tell us the chemical components of the surface layer and not the
bond orientation. Therefore, it is uncertain if the integration of carbon into the molecular
structure is in the form of a silicon-oxycarbide chain, free carbon, trapped CO or SiC
within an SiO2 oxide layer. A similar high carbon coating can be seen within the weave
architecture in the following SEM image and EDS results.
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Figure 78: Surface photograph and SEM cross section image on a SiC coupon exposed to a 60
W/cm2 CO2 plasma for 4 minutes (left) and an air plasma (right). EDS results are also shown for
each case

Substantial deposits fill the vacancies within the weave architecture with a clearly
distinguishable separation between the individual fibers and the surface layers for both
air and CO2 tests. Although, the EDS analysis taken between the SiC fibers displays the
typical Si-O elemental composition after air plasma exposure and a carbon rich layer
after CO2 plasma exposure.

The existence of the nitrogen could be the result of impurities within the
compressed CO2 tank, an undetected leak within the gas injection system, or due to the
removal and storage of the sample post-test. Fortunately, a trace amount of nitrogen is
present in the Mars atmosphere [112] and consistency between operating conditions was
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maintained by using the same compressed gas tank and experimental configuration for
all test cases. Although, it is interesting that nitrogen is not incorporated into the silica
surface during air plasma testing but is observed during CO2 testing.

9.3.3. Flares (>70 W/cm2)
Sharp temperature spikes collected by the pyrometer were commonly seen at
temperatures as low as 1250°C in CO2 which is quite different than the low probabilities
in air plasmas at similar temperatures. At lower heat fluxes these spikes appear to have
little correlation with the strength of the fibers but at higher heat fluxes they can indicate
the presence of a much more destructive phenomena. Exposure to heat fluxes above 80
W/cm2 almost always led to a catastrophic failure for any test gas composition. The
temperature profile of failed coupons for both air and CO2 cases can be seen in the
following plot.
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Figure 79: Temperature profiles of SiC samples that displayed destructive flares

It can be seen that spikes were observed at steady state temperatures around
1400°C for both air and CO2 tests. At surface temperatures above 1400°C in CO2 all
samples had isolated regions of complete fiber consumption. Whereas only a few samples
failed in air.

These temperature spikes are easily identifiable by a strong emission flare within
the visible spectrum. For all oxidizing environments, these flares propagated along each
tow. Video recording of the coupon surface allowed tracking of these flares. Snapshots
of the surface during a flare can be seen in the following figure.
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Figure 80: Surface images showing flare propagation with an average speed of 1mm/s

As the flare propagates, it completely consumes the tow and leaves behind a thick
silica trail. A destroyed coupon can be seen in the following photo.

Figure 81: Photograph of the SiC coupon surface that failed after exposure to a CO 2 plasma
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At relatively high CO2 heat fluxes that led to destructive material flares, the
morphology appears similar to other samples that were destroyed in air plasmas. The
iridescence is due to the silica coating whereas the black areas around the destroyed
locations have oxide layers too thick to provide the iridescence. Holes through the weave
are also similar to those observed in air plasmas. SEM analysis of a coupon exposed to
CO2 displayed the worm holes through the weave typical in all oxidizing plasmas and
can be seen in Figure 82.

Figure 82: SEM image and EDS results of a coupon that failed in a CO 2 plasma

EDS was used to confirm the surface was also comprised of a silicon-oxygen
layer. The SEM images of the surface shows the highly viscous nature of the silica layer
around the flare. Bubbles protruding from the thick silica layer is due to the transport of
trapped gaseous species.
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SEM analysis was also performed on the back side of the failed coupon near the
worm hole. The electrostatic charging on the image is due to the non-conductive silica
surface.

Figure 83: SEM image of the SiC coupon backside near a failed region that shows highly
protruded bubbles

Fragile appearing bubbles were observed behind the holes through the weave.
The thin walled highly protruded bubbles suggest that the location was semi protected
from the shear of the plasma flow. Spherulitic structures on the backside of the coupon
were also observed and is one feature that was not observed during air plasma testing,
although they may still exist. These structures can be seen in the following SEM image.
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Figure 84: SEM image and EDS results taken on the back side of a failed coupon

These spherulitic structures are similar to those observed by Narushima in
CO2/CO atmospheres [114]. EDS was used to determine that these features were
composed of mostly silicon and oxygen. Therefore, it is possible that cristobalite was
formed during the flares due crystallization of the amorphous silica layer at the higher
temperature locations.

9.4. Emission Tracking
Emission spectroscopy was performed within the boundary layer of the tested
sample and shows similar results during a flare to those seen in air plasmas. Emission
results using a 10 second integration time can be seen in the following plot.
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Figure 85: Emission captured in the thermal boundary layer above the sample during failure in an
air and CO2 plasma

Strong emission from Si and SiO was observable within the thermal boundary
layer during flares in air and CO2 plasmas. Weaker SiO2 emission was also observable.

These emission features along with O-atom were tracked with time for 50 and 70
W/cm2 heat flux conditions. The O-atom signal increased with increasing power
suggesting the continued dissociation of molecular species. The plot of the scaled signal
intensity vs time can be seen in the following figure.
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Figure 86: Emission feature tracking for a power-up test

Flares were quickly observed when the power was increased. Evidence of carbon
was in the form of C2 and CO2 throughout the test but spikes in Si, SiO, and SiO2 were
only observable during the flares. Si and SiO were tracked at wavelengths of 288 and
250 respectively.

9.5. Discussion on CO2 Plasma Results
9.5.1. Heterogeneous Surfaces
A complex mix of resulting surface morphologies have been reported by many
different authors after oxidation of silica formers (Si and SiC) in CO2 and CO using
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different techniques. Silica detection has been reported on Hi-Nicalon fibers after
oxidation experiments using CO2 [115]. Whereas, carbon surfaces have been observed
after oxidation experiments using CO [116]. A large transition between these two
regimes leading to a highly porous silica layer has also been shown by varying the
CO2/CO gas ratio [114].

It is believed that the changing morphology observed in this investigation is not
purely an artifact of the changing temperatures but is also dominated by the change in
dissociation fraction at the different heating conditions. This is in agreement with the
results obtained by Balat who observed morphological differences on the surface of rigid
SiC samples when comparing results between molecular and microwave excited CO2 gas
[117].

It has been shown that at surface temperatures below 1250°C, CO does not react
with SiC [107]. Therefore, at the low heat flux condition where the plasma is expected
to be comprised of CO2, CO and O, the major reacting species would be CO2 and O.
Whereas tests in both CO2 and atomic oxygen have been shown to lead to a silica layer
at these temperatures [115]. As seen in Figure 74, an increase in free stream temperature,
causes CO and O-atom to be the dominant species. At these temperatures, CO could then
react with SiC through the following equilibrium [65]:

𝑆𝑖𝐶 + 𝐶𝑂 ⇄ 𝑆𝑖𝑂 + 2𝐶
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eq. 30

This equation shows carbon extraction from both the SiC material and the CO in
the gas phase. Due to the lack of any reported silica layer during oxidation in pure CO,
continued oxidation reactions between SiO and CO to form SiO2 are unlikely.

It is expected that free carbon resulting from the previous equation will leave the
surface through reactions with atomic oxygen to form CO. This reaction can be seen in
the following equilibrium [65]:

𝐶 + 𝑂 ⇄ 𝐶𝑂

eq. 31

According to Le Chatelier's principle, an increase in the CO pressure will shift
the equilibrium to favor the free carbon phase. Therefore, the mechanism to achieve the
carbon incorporation into the resulting Si-O-C layer is thought to be due to the oxidation
of SiC by CO or O-atom and the suppressing effect of high CO pressures on the C + O
reaction. This goes to show that the resulting surface morphology is dependent on the
individual partial pressures of the total system and not solely by the oxygen partial
pressure [215].

9.5.2. Onset of Flares
Due to the fact that the trigger of the flares is still under debate, the cause for the
lower temperature flares in CO2 compared to air is much harder to determine. Also, direct
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comparisons to air plasma test results must be carefully made due the additional
differences that exist besides the chemical composition of the plasma. This includes the
radiation spectral intensity from the excited species within the plasma. Whereas, the CO2
plasma emits high energy ultra violet radiation, which can lead to significantly higher
reaction rates without causing any diffusion limitations [54].

Despite these differences, it is believed that the high CO pressure is the reason
for the higher probability of flares at lower temperatures in CO2 plasmas. The high
concentrations of carbon on the surface and in the reactive boundary layer can lead to
carbothermal reduction of silica [118]. Whereas, CO gas as well as free carbon are
expected to enhance the SiO2 removal process. In turn, the higher permeability of a
heterogeneous layer may not provide significant diffusion limitations to suppress the
attack of oxygen [113]. In addition to silica reduction, carbon surface layers have been
shown to be much more electrically conductive than silica layers [119]. Whereas, the
CO2 plasma can generate large electric fields across the SiC surface which can accelerate
charge particle flow [54].
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CHAPTER 10: SUMMARY AND FUTURE WORK
Flexible TPS materials are of interest due to their necessity for the success of
Inflatable Aerodynamic Decelerators. Aerothermal screening of candidate outer fabric
materials was performed in stagnation point configuration using the 30 kW Inductively
Coupled Plasma Torch achieving surface temperatures in excess of 1400°C. Results
show the superior performance of 2-D woven Hi-Nicalon SiC fibers compared to carbon
fiber, Kevlar and Nextel BF-20 at heat fluxes between 50 and 80 w/cm2. However, the
overall performance of the fine diameter SiC fibers was limited by the presence of atomic
oxygen. Whereas, oxidation progresses through a much different mechanism using
dissociated gases compared to dry thermal oxidation typical of more conventional
furnaces.

SEM images of the SiC post-test coupons display a rough porous surface due to
significant bubble formation. EDS was used to confirm the existence of a newly formed
amorphous silicon dioxide layer. The morphological changes that occurred during
oxidation led to a time dependence of the emissivity, catalycity and reactivity. Optical
pyrometry and emission spectroscopy were used to track these changes. An increase in
atomic species consumption was detected during the rapid silica formation phase leading
to higher surface temperatures.

Subsequently, an emissivity increase with silica

formation led to a net temperature decrease with time.
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In order to help assess the viability of 2-D woven Hi-Nicalon fibers as an outer
fabric material the fracture strength was quantified after aerothermal heating. Varying
flow rates of nitrogen and oxygen were used to extract the influence of oxidation on the
strength reduction of the Hi-Nicalon weave. Room temperature tensile test results have
shown a steady 50% strength reduction in pure nitrogen plasmas with minimal effects on
the surface morphology. Whereas coupon exposure to oxidizing environments led to
extremely brittle fibers that were too fragile to test after durations of more than 240
seconds.

Above heat fluxes of 80 W/cm2 almost all SiC coupons were destroyed. Si, SiO
and SiO2 were observed in the thermal boundary layer during failure in oxidizing
environments. This in turn led to thick silica layers on the surface. Similar to oxidizing
plasmas, catastrophic failure in nitrogen plasmas was accompanied by a large
temperature spike but nitrogen incorporation into the surface lead to a jagged surface
morphology.

Simulation of entry into the Mars atmosphere caused a material response that was
vastly different than the predictable silica layer observed during re-entry simulation.
Despite the fact that both entry conditions expose the SiC fabric to atomic oxygen, the
high CO pressure during Mars entry led to carbon incorporation into the surface oxide
layer and coupon failure at lower temperatures compared to air test results.
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Due to the increased understanding of the aerothermal performance of SiC gained
from this investigation in addition to the data collected at other ground test facilities, SiC
fabrics have been deemed a promising candidate for future NASA missions. An in-flight
experiment using an SiC fabric lay-up is scheduled for 2016 [120].

Most of this research was observationally based on a broad range of topics. It
was the intent of the author to invoke questions that still need to be answered. Much more
quantitative and/or application focused research is recommended for future tests. A few
of these topics are mentioned below.

 Trajectory Relevant Tests: Even though the ICP torch provides the presence of
flowing dissociated gases and heating due to exothermic reactions, significant
aerothermal and aerodynamic differences between these tests and an actual flight
trajectory still exist. These differences include; variations in surface pressure, shear,
dissociation fraction and radiation intensity. In addition, the presence of hydrogen
due to moisture in the atmosphere is also known to alter the oxidation phenomena
compared to dry air but was not included in this study.

 Lay-up Uncertainties: The effect of impurities in the test environment can have a
significant effect on the oxidation of the fibers and may arise from pyrolyzing
insulators that outgas through the outer fabric at high temperatures. With this in
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mind, it is recommended that future microscopic oxidation analysis is performed
on outer fabric samples that were incorporated in the full flexible TPS lay-up.

 Hot Tensile Tests: Besides the many challenges that exist when extrapolating the
aerothermochemistry of the ground test environment to flight conditions, it is also
difficult to extrapolate the room temperature tensile test results to flight
applications. Except for the case of aerocapture, where the surface may cool down
between a first and second entry, thermal stresses during cool down may not be
appreciable in hot conditions where the silica may be viscous. Also, the strength
controlling flaws in the brittle silica layer may not exist. Moreover, the strength
reduction is expected to be related to the mechanical state of the fibers. Therefore,
an additional decrease in tensile strength may occur under combined heating and
loading. Whereas creep onset, leading to increased tortuosity and oxygen
permeation may enhance oxidation. Further hot tensile tests would be required to
better determine application based strength loss.

 Coupon Comparisons: The different aerothermal tests performed on the circular
SiC fabric coupons during this investigation were fairly unique, requiring large
leaps to be made from the findings of other researchers. This strategy can rapidly
advance the understanding of the SiC fabric performance but it also leaves large
scientific knowledge gaps that should be filled in order to reaffirm the conclusions.
It is recommended that quantitative oxidation analysis is performed on the rigid SiC
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disks. It is also recommended that tensile tests are performed on circular coupons
after oxidation in a conventional furnace at 1400°C due to the large difference
between single fiber tensile tests and fabric tests.
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APPENDIX A: Additional Information on the ICP Torch

Appendix A.1: Graphical interpretation of the continually expanding ICP Torch operating
envelope using slug calorimeter heat flux data at various powers, partial pressures and flow rates
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Appendix A.2: Equilibrium chemistry for oxygen/argon plasmas from the NASA CEA code
showing complete dissociation of O2 is possible for operational temperatures and pressures
[courtesy J. Meyers]

Appendix A.3: Plateau of the integrated O-atom LIF signal suggesting complete dissociation at
operating powers above 7.5 kW in an O2/Ar plasma
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Appendix A.4: Plot of the heat flux vs time in a pure nitrogen plasma showing a heat flux variation
of ±5 W/cm2
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Appendix A.5: Illustration of the LIF measurement locations within the thermal boundary layer to
determine catalytic efficiencies (not to scale) [Modified J. Meyers Image]
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Appendix A.6: Plot of LIF measured temperatures vs distance from the sample surface for
different materials showing the thermal boundary layer [Modified J. Meyers Image]
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Appendix A.7: Plot of LIF measured O-atom temperatures vs axial distance from the plasma jet
centerline taken 2 mm above a quartz sample in an O 2/Ar plasma. Results are compared to the
plasma free stream at the same location
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APPENDIX B: Additional Information on the Experimental Configuration

Appendix B.1: Dimensioned drawing of samples requiring water cooling and profile images of a
quartz sample with and without water cooling
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Appendix B.2: Technical drawing of the rigid SiC sample that can be mounted similarly to the SiC
fabric coupons
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Appendix B.3: Mass change for combined SiC fabric and SiC sleeve after exposure to different
plasma conditions
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APPENDIX C: Additional Information on Silicon Removal

Appendix C.1: Emission data collected within the thermal boundary layer of a hot quartz sample
in a nitrogen plasma at the lower detectable range of the spectrometer showing removal of silicon
based gas species
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APPENDIX D: Additional Information on the Transient Effects of Oxidation

Appendix D.1: Pyrometer measurements showing oscillation at low temperature on the smooth SiC
Mushroom samples compared to hot quartz and SiC fabric at the same operating conditions
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Appendix D.2: Plot showing the period of the peaks and troughs in the pyrometer oscillations on
the rigid SiC sample compared to time as seen in Figure D.1. The curve suggests the SiO2 thickness
is continuing to increase at the low temperature tests
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Appendix D.3: plot showing the dependence of SiC fabric coupon surface temperature on the
plasma heat flux
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Appendix D.4: Plot showing measurements taken using 1 and 2 color mode on low temperature
fabric coupons. Thermocouples were placed behind the lead and sub ply. The unrealistic
temperature can be seen when using the 2 color mode at low temperatures
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Appendix D.5: Plot showing emissivity vs time for different operating conditions

Appendix D.6: Plot comparing pyrometer data taken in 2 color mode for a 1 and 2 ply
configuration. Results show the non-opaque nature of the virgin fabric and the strong influence of
the sub ply on the pyrometer measurement during the first stages of oxidation.
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Appendix D.7: Pyrometer and thermocouple data for a low enthalpy plasma test showing the
temperature drop through the SiC fabric

Appendix D.8: Lead and sub ply thermocouple measurements taken during exposure to an O2/Ar
plasma for a virgin and a reinserted coupon showing the typical lower back face temperature on
the oxidized sample. The lack of thermal transport data on the contact loss between fibers in the
weave architecture after oxidation makes quantitative conduction analysis difficult
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Appendix D.9: Air addition test using argon to achieve lower surface temperatures but no
temperature hump was observed in the pyrometer measurement. Conditions were switched from
an N2/Ar to an Air/Ar

Appendix D.10: Emission tracking of gas species within the thermal boundary layer of a SiC fabric
sample exposed to a pure nitrogen plasma showing a change with time
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APPENDIX E: Additional Information on the Tensile Tests

Appendix E.1: Photograph of post tensile test samples showing coupon slippage (left) and a clean
break (right)
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Appendix E.2: Stress vs strain plot of slip and clean break condition. The desired clean break is
typical of the instantaneous drop in strength, whereas the slow decrease in strength is due to
slippage of the coupon. The settling of the weave architecture can be identified by the initial jog in
the stress-strain data. The rise in strength after the clean break is due to the unraveling of the
broken fibers through the tightly crimped cross weave

275

Appendix E.3: Fracture strength of SiC fabric coupons exposed an O2/Ar plasma for the low
power condition seen in Table 5
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Appendix E.4: Air plasma temperature profile compared to the high power O2/Ar condition seen
in Table 5.

Appendix E.5: Plot of the fracture strength vs time for a high power O2/Ar and Air test at
conditions presented in Table 5 showing the stronger sub ply strength in an O 2/Ar plasma
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Appendix E.6: Operating conditions of others used to perform tensile tests on single oxidized SiC
filaments (Top) and the strength of the single fiber tests strength compared to the SiC coupon
results of this study (Bottom). Air plasma tests shows the strength comparison at O 2/N2 ratios
similar to those performed in atmospheric furnace tests on single fibers. The 100% oxygen case at
160 torr matches the oxygen partial pressure at standard atmospheric conditions.

It can be seen that by applying the SiC strength degradation results of typical furnace tests
on individual fibers, for atmospheric entry trajectories, minimal strength reduction would
be assumed for the relatively short duration of exposure. Therefore, over estimates of the
performance might be expected if the influence of fabric weave, dissociation of oxygen
and other significant phenomena of hypersonic flight are not accounted for. Unfortunately,
the lab currently doesn’t have the ability to perform tensile tests on single fibers. Also
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separation of the fibers prior to plasma exposure would lead to an inaccurate representation
of oxidation dependence on the weave architecture and manual post-test separation of the
adhered fibers would be almost impossible.

Appendix E.7: Plot showing tensile strength comparisons between samples oxidized in the box oven
(oxygen partial pressure of 152 torr) compared to the ICP Torch (oxygen partial pressure to 40
torr) at the maximum box furnace temperature of 935°C. At these low power plasma conditions
the dissociation of gases is expected to be extremely low and the predominant impinging species is
most likely argon and O2.

Within the margin of error no significant differences can be seen between the two
fracture strength reduction profiles. Surprisingly, at these temperatures the strength
reduction appears to be heavily dependent on the surface temperature and not the heating
source. Although many other non-negligible variables also exist, therefore a direct
comparison cannot lead to any confident conclusions. It is interesting that at similar
temperatures and fiber strengths distinctly different morphological features were observed.
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Even though there was a much lower oxygen concentration during the ICP air test, the posttests samples were significantly stiffer compared to the post furnace test samples and
displayed the typical iridescence pattern of an oxidized coupon. Whereas the box furnace
test remained flexible and had no visual signs of oxidation. The lower temperature tests
samples are also expected to have minimal bubble formation or other strength controlling
defects in the fibers.

Appendix E.8: Published virgin material strength data of single filaments compared a virgin
coupon. Virgin single and multi-tow tensile tests results are also presented
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Appendix E.9: SEM image of a fractured virgin fiber end
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APPENDIX F: Additional Information on Coupon Failure

Appendix F.1: Profile image of the pre-gashed SiC fabric sample taken during exposure to an air
plasma

Appendix F.2: Temperature profile taken during the gash test
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Figure #: Surface images of gashed SiC fabric with arrows depicting the propagation directions of the flares

Appendix F.3: Surface image taken during air plasma exposure showing the propagation of flares
that were initiated by the gash

Appendix F.4: Post-test image of the gashed sample showing initiation of flares at the gash
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APPENDIX G: Additional Information on CO2 Plasma Tests

Appendix G.1: Plot showing the tensile strength of SiC fibers after exposure to two different CO2
conditions. Strength loss was similar to air tests although samples at 1290°C were flexible and had
minor flares
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Appendix G.2: Temperature profile for a first and second insertion into a CO2 plasma at 60 W/cm2
showing a parallel temperature offset
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APPENDIX H: Additional Information on Nextel BF-20
Power Supply
Plate
Power
Amperage

Test Chamber
Gas Flow

Pressure

Sample

Heat Flux

SiC Fabric Peak
Temperature

Nextel Performance

ºC (±50)

Condition

1283

Long Exposure Failure
Catastophic Failure

2

6.7

torr (±5) W/cm2 (±10)
10 N2, 30 Ar
160
44

2.5

9.6

10 N2, 30 Ar

160

60

1421

2.5

14.1

40 N2

160

62

1397

Catastophic Failure

2
2.5
2.5

6.9
10.1
14

10 Air, 30 Ar
10 Air, 30 Ar
40 Air

160
160
160

49
71
80

1287
1459
1539

Long Exposure Failure
Catastophic Failure
Catastophic Failure

2

6

10 O2, 30 Ar

160

43

1234

Long Exposure Failure

2.5

9.1

10 O2, 30 Ar

160

68

1417

Catastophic Failure

amps (±.1) kW (±2)

lpm (±1)

Appendix H.1: Operating conditions where Nextel samples failed and SiC samples survived

Appendix H.2: Profile and surface images of a Nextel sample taken during air plasma exposure.
Even on non-failed samples, the coral sizing is removed exposing the white fibers. After failure,
visual traces of metallic boron or aluminum can be seen inside the SiC sleeve. Balls and streaks of
flowing silica were much more prevalent during the SiC/Nextel layups and it is believed that this
thick viscous layer is the reason for the interesting temperature response.
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Appendix H.3: Emission spectra captured within the thermal boundary layer of a Nextel sample
during O2/Ar exposure showing overlapping boron oxides which is visually distinguishable as the
intense green emission. When oxygen is not present, strong silicon features can be seen at 252, and
288. Traces of boron atom are also observable at 250nm

Appendix H.4: Temperature profile of the SiC/Nextel lay-up exposed to an air plasma. The plot
shows a higher achieved surface temperature and larger temperature fluctuations
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Appendix H.5: Strength of the fabric coupons with a SiC lead ply and a Nextel sub ply after
exposure to the air plasma showing the survival of the Nextel fabric when it is protected behind the
lead SiC ply. Interestingly, the Nextel sub ply is stronger after 240 seconds compared to the SiC
sub ply as shown in Chapter 7.
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